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ABSTRACT 
In soybean, seed color is determined by a specific class of small RNAs known as short- 
interfering RNAs (siRNAs). The dominant ii allele of the I (inhibitor) locus is composed of an 
inverted-repeat cluster of six chalcone synthase (CHS) genes on chromosome 8 whose unique 
arrangement generates CHS siRNAs that downregulate target CHS7 and CHS8 genes on non-
linked chromosomes resulting in yellow seed coats. Chapter 1 presents a transition in size of the 
siRNAs from the primary 22-nt siRNAs representing the origin of the siRNAs from the ii allele 
to the predominantly 21-nt secondary siRNAs representing the target CHS7 and CHS8 genes. 
Chapter 2 determines the extent of naturally occurring deletions resulting in pigmented seed 
coats using genomic resequencing and copy number determination by digital PCR. Two size 
deletions (130 kb and 22 kb) were discovered that each eliminate part of the 27-kb inverted 
repeat CHS cluster resulting in black seed coats. This study demonstrates the importance of the 
correct representation of the target region in repetitive regions for determining structural 
variation since both of the current versions of the soybean reference genome (Wm82.a1 and 
Wm82.a2) have inversions and gaps and do not accurately represent the ii allele. Chapter 3 
shows the interaction of the unlinked k1 mutation that modifies the distribution of CHS siRNAs 
in the seed coat resulting in a pigment pattern phenotype. Using RNA-Seq and genomic re-
sequencing coupled with genetic marker information, a 129 bp deletion was discovered in a gene 
(Glyma.11G190900) encoding a member of the argonaute family of proteins (AGO5) that 
identifies the k1 mutation and leads to a non-functional protein.   
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CHAPTER 1 
THE TRANSITION FROM PRIMARY SIRNAS TO AMPLIFIED SECONDARY 
SIRNAS THAT REGULATE CHALCONE SYNTHASE DURING DEVELOPMENT OF 
GLYCINE MAX SEED COATS1 
 
INTRODUCTION 
Unique features of the gene silencing I (inhibitor) locus in soybean that paralleled co-suppression 
phenomena have been described (Todd and Vodkin, 1996) and the locus has been shown to be an 
example of naturally occurring RNA interference (RNAi) (Senda et al., 2004; Tuteja et al., 2004). 
The I locus produces tissue-specific siRNAs from an unusual arrangement of chalcone synthase 
(CHS) genes and these CHS siRNAs subsequently target in trans CHS mRNAs from genes 
located on different chromosomes (Tuteja et al., 2009).     
The I locus was first identified as a region of duplicated and inverted CHS genes by DNA 
blotting and PCR mapping of 15 pairs of isogenic lines which showed that mutations of a 
dominant allele (I or ii) to the recessive allele (i) delete promoter sequences, paradoxically 
resulting in increased total CHS transcript levels and thereby pigmented (black) seed coats (Todd 
and Vodkin, 1996). The inhibitory effects of this naturally occurring mutation appeared to 
parallel the co-suppressive phenotypes found in transgenic Petunia lines carrying multiple 
inserted copies of the CHS genes (Napoli et al., 1990; Van der Krol et al., 1990). Sequencing 
bacterial artificial chromosomes (BACs) from the Williams soybean variety containing the 
dominant ii allele revealed that five (CHS1, CHS3, CHS4, CHS5, and CHS9) of the nine CHS 
gene family members are located in a 230-kb region (Clough et al., 2004; Tuteja and Vodkin, 
2008). CHS1, CHS3, and CHS4 are located in two 10.91-kb perfect and inverted repeat clusters 
separated by 5.87 kb of intervening sequence.  
The relative expression profiles of CHS gene family members were examined by 
quantitative RT-PCR in the seed coats of two near-isogenic pairs that result from independently 
                                                            
1The data from this chapter have been published as the article entitled “The Transition from Primary siRNAs to 
Amplified Secondary siRNAs that Regulate Chalcone Synthase During Development of Glycine max Seed Coats” 
by Cho et al., (2013) PLoS ONE 8(10): e76954. 
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occurring mutations of the dominant I allele to the recessive i allele or of the dominant ii allele to 
the recessive i allele (Tuteja et al., 2004). Decreased expression of the CHS7/8 genes results in 
the lack of pigmentation in the yellow seed coats (I and ii). Both small RNA blots and high 
throughput small RNA sequencing from three genotypes (I, ii and i alleles) of soybeans revealed 
that CHS siRNAs accumulated only in the yellow seed coats containing either dominant I or ii 
alleles and not in the pigmented seed coats with homozygous recessive i genotypes (Tuteja et al., 
2009). Interestingly, the CHS siRNAs were generated in a tissue-specific manner. CHS siRNAs 
did not accumulate in the cotyledons of the genotype with dominant I or ii alleles and yellow 
seed coats (Tuteja et al., 2009), thus allowing isoflavones to be produced in the cotyledons 
(Dhaubhadel et al., 2007) since CHS7/8 mRNAs are not down-regulated in the cotyledons.  
The generation pathway of CHS siRNAs involved in silencing the I locus was proposed 
(Tuteja et al., 2009). A putative double stranded (ds) RNA generated from within a 27-kb 
inverted CHS region comprised of two clusters of the CHS1-3-4 and CHS4-3-1 genes is cleaved 
into primary siRNAs representing both strands that are amplified by RNA-dependent RNA 
polymerase (RdRP) to generate secondary CHS siRNAs from the target CHS7/8 mRNAs, which 
are capable of down-regulating all members of the CHS gene family. On the other hand, CHS7/8 
mRNAs are highly expressed in the pigmented seed coats in which CHS siRNA production has 
been abolished by deletions in the CHS cluster regions in the mutant i allele.   
Small RNA sequencing of co-suppressed, non-pigmented transgenic petunia flowers with 
introduced CHS genes has shown that CHS siRNAs are the causative factor of silencing the 
pigment pathway in flowers (De Paoli et al., 2009). There are many commonalities between the 
naturally occurring soybean seed coat and the transgenic petunia systems (Eckardt, 2009). These 
similarities include CHS siRNAs that are predominantly 21 nt in size and match both sense and 
antisense strands primarily of exon 2 of the conserved target CHS genes, likely through 
amplification of the original signal through RdRP.     
Here, we sequenced small RNA populations from a developmental series representing ten 
stages of seed development from a few days post fertilization through seed maturity. Due to the 
sequence polymorphisms between the CHS siRNA origin and target genes, we were able to 
reveal the amplification from primary to secondary CHS siRNAs that occurred early in 
development. The primary CHS siRNAs were lower in abundance but composed of a higher 
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proportion of 22-nt small RNAs, whereas the more abundant secondary CHS siRNAs were 
primarily 21 nt in size. A developmental amplification from primary to secondary siRNAs has 
not previously been tracked in either naturally occurring or transgenic plant systems. We also 
demonstrate that CHS siRNA production is specific to the seed coats as other tissues including 
cotyledons, roots, leaves, and stems do not produce sufficient primary siRNAs for amplification 
to secondary siRNAs.   
 
RESULTS 
Differential Expression of CHS siRNAs During Seed Development 
Although CHS1, 2, 3, 4, 5, 6 and 9 share 93% to 98% pairwise identity by nucleotide 
sequence, they are only 82% similar to CHS7 and CHS8. The dispersed nucleotide 
polymorphisms between these two groups of CHS genes present the opportunity to distinguish 
siRNAs representing the CHS7/8 mRNAs that are down-regulated in trans by CHS1/3/4 primary 
siRNAs originating from the I locus, which is defined by inverted repeats of CHS1, CHS3 and 
CHS4 genes (referred to as the CHS1-3-4 clusters). To determine the pattern of CHS siRNAs 
during the entire span of seed development, we constructed small RNA libraries from ten stages 
of seed development of the cultivar Williams (ii) as shown in Figure 1.1. In the early 
developmental periods from 4 DAF (days after flowering) through 22-24 DAF, whole seeds were 
used as the maternal seed coat is proportionally a larger part of the whole seed, which is too 
small for hand dissection. Beginning at the 5-6 mg weight range, the developmental staging is 
more accurate using a combination of seed fresh weight and color changes. At that time the seed 
are large enough to dissect the seed coat free of the cotyledons and embryonic axis. Table 1.1 
lists details on the small RNA sequencing, ranging generally from 10 to 30 million reads from 
each of the ten developmental stages. Two biological repeats were made for eight of the ten 
developmental stages.    
Figure 1.1 shows the normalized total counts in reads per million (RPM) of CHS siRNAs 
that map with 100% identity to each of the nine CHS genes during seed development. The 
normalized CHS siRNA counts were initially low in the 4 DAF seed at less than 100 RPM and 
also in the 12-14 DAF and 22-24 DAF seed. Then, they increased to about 900 RPM in seed 
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coats from immature seed of 5-6 mg fresh weight, after which they increased dramatically, 
reaching the highest levels of 8600 for CHS7 in seed coats from 50-75 mg immature seed. After 
this peak, the CHS siRNAs decreased as the seed increased in size and began desiccation. An 
analysis of CHS siRNAs from a biological repeat (Appendix A) of eight of the ten stages shows 
the same pattern as Figure 1 with maximal CHS siRNAs found in the 50-75 mg stage.   
Strikingly, the expression pattern of Figure 1.1 and Appendix A enables us to distinguish 
the primary siRNAs originating from the CHS1-3-4 clusters of the I locus from those 
representing secondary siRNAs matching target mRNAs encoded by CHS7 and CHS8. The 
secondary CHS7/8 siRNAs showed an increase in the 5-6 mg seed coats and peaked at the 50-75 
mg stages. The predominance of secondary CHS7/8 siRNAs remained during the rest of 
development in seed coats dissected from the immature green seed of 75-100 mg and 200-300 
mg, as well as from 300-400 mg yellow seed coats that were undergoing desiccation. These data 
demonstrate that the amplification from primary to secondary CHS siRNAs occurs during seed 
coat development.  
 
Primary siRNAs are Predominant before Accumulation of 21-nt Secondary siRNAs 
To investigate characteristics of secondary CHS siRNAs which are amplified during 
development, an analysis of the size distribution of CHS siRNAs was conducted. Figure 1.2 
clearly shows that CHS7/8 siRNAs, which increased dramatically during development, were 21 
nt in size. To the contrary, the CHS1/3/4 siRNAs were predominantly 22 nt in size up to the 5-6 
mg stage (Figure 1.2). These data suggest that secondary CHS siRNAs were predominantly 21 nt 
in size and that the primary siRNAs consist of a slightly higher proportion of 22-nt siRNAs. 
However, in the early developmental stages, 21-nt primary CHS siRNAs are also actively 
generated along with the 22-nt size class. Similar results were found for the biological repeat 
(Appendix B).  
A comparison of total counts of 21-nt and 22-nt primary CHS4 siRNAs and 21-nt 
secondary CHS7 siRNAs that are unique to either CHS4 or CHS7 shows that 21-nt secondary 
siRNAs were highly amplified during seed coat development compared to those of primary CHS 
siRNAs (Figure 1.3 and Appendix C). RdRPs are involved in RNA amplification of primary 
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siRNAs and generate secondary siRNAs (Chapman and Carrington, 2007; Carthew and 
Sontheimer, 2009; Ghildiyal and Zamore, 2009). In the soybean seed coat, we demonstrate that 
this amplification started at an early developmental stage around 5-6 mg (Figures 1.2 and 1.3) 
likely at the stage when CHS7/8 mRNAs begin to be expressed in the seed coats at higher levels. 
The CHS7/8 mRNAs are then susceptible to degradation by primary siRNAs, and amplification 
is guided by the primary CHS1/3/4 siRNAs that are produced initially from the triggering 
clusters of the CHS1-3-4 genes of the dominant ii allele.    
 
High Throughput Small RNA Sequencing Verifies Tissue Specificity of CHS siRNAs  
Using mRNA blots and small RNA blots, we have previously shown that silencing of 
CHS gene family members occurs only in the seed coats and not in other organs (Tuteja et al., 
2004; Tuteja et al., 2009). Using sequencing, small RNAs were detected in significant numbers 
only in the dissected seed coats and not the cotyledons of the developing seed (Tuteja et al., 2009) 
from the 50-75 mg weight range. Here, we investigated additional tissues such as leaf, root and 
germinating cotyledon with the power of deep sequencing to ascertain the tissue specificity of 
CHS siRNAs. As shown in Table 1.2, total numbers of small RNA reads were from three million 
to thirty million from each of the tissues from Williams cultivar or other cultivars with ii 
genotype, providing sufficient data to show the tissue specificity of CHS siRNAs and to examine 
even low levels of CHS siRNAs. 
Figure 1.4 demonstrates the tissue specificity clearly as CHS siRNAs were limited to the 
seed coats in the Williams ii cultivar. The normalized total counts of CHS7 siRNAs in seed coats 
from 5-6 mg is 925 (RPM). In contrast, the expression levels of CHS7 siRNAs were less than 60 
counts in four other tissues which is approximately a 15-fold difference (Figure 1.4). Most of 
those tissues (immature cotyledon, germinated cotyledon, unifoliate, root, shoot tip, and stem) 
have more CHS4 siRNAs than CHS7 siRNAs; however the counts of CHS4 siRNAs are very low 
compared to those of seed coat tissues (Figure 1.4). These data show that both primary and 
secondary CHS siRNAs were not significantly produced in germinated cotyledon, immature 
cotyledon, leaf, root, shoot tip, and stem tissues.   
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Seed coat tissue is close to the cotyledon physically during seed development. It is 
interesting that CHS siRNAs were limited to the seed coat and were not in immature cotyledons 
of three different stages of development, 5-6 mg, 50-75 mg and 100-300 mg fresh seed weight. 
The immature cotyledons contained very few CHS siRNAs in these three developmental stages 
(Figure 1.4). Because of the small size of the seed prior to the 5-6 mg stage, we used whole seed 
through 24 DAF; thus, it is likely also that the low levels of CHS siRNAs from these young 
whole seed less than 24 DAF (Figure 1.1) originated solely from the maternal seed coat tissue 
and not from the very young developing cotyledons since the cotyledons at all succeeding stages 
did not accumulate CHS siRNAs at significant levels as shown in Figure 1.4.  
 
DISCUSSION 
The Amplification from Endogenous Primary to Secondary CHS siRNAs Was Revealed by 
Small RNA-Seq of a Broad Range of the Developing Seed Coats 
We have previously presented evidence for a model of action for the naturally occurring 
dominant I and ii alleles in preventing pigment formation in soybean seed coats (Tuteja et al., 
2009) based on knowledge of RNA interference mechanisms in other organisms (Chapman and 
Carrington, 2007; Carthew and Sontheimer, 2009). Figure 1.5 summarizes the model and 
illustrates our data from this report on the developmental transition from primary to secondary 
siRNAs. The long inverted repeat of the I locus on Chromosome 8 contains cluster A (CHS1-3-
4) and cluster B (CHS4-3-1) and forms the nascent CHS dsRNA although the exact size is 
unknown. The cleavage of CHS dsRNA by Dicer Like proteins (DCL) generates the primary 
CHS siRNAs, resulting in the degradation in trans of targeted CHS7 and CHS8 transcripts that 
originate from Chromosomes 1 and 11, respectively. After cleavage at the mRNA sites targeted 
by the primary CHS siRNAs, an RdRP synthesizes dsRNA from the cleaved CHS mRNA. The 
secondary CHS siRNAs generated from this dsRNA could target additional CHS mRNAs, 
amplifying the silencing response as well as spreading it over a larger region of the target. The 
roles for putative DCL and RdRP like functions in soybean are based on extrapolation from other 
systems and not by analysis of mutants of these functions in soybean.  
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In this report, we show that the unique attributes of the naturally occurring soybean I 
locus clearly revealed the amplification of the CHS siRNA population from primary to secondary 
siRNAs during seed development based on the polymorphisms between the siRNAs representing 
the origin (CHS1-3-4) and target CHS7 and CHS8 genes. Appendix E shows that very few 
siRNAs match both the origin and target subgroups with 100% identity, verifying that the 
observed patterns (Figures 1.1-1.3 and Appendix A-C) are not due to multi-matching siRNA. 
The polymorphisms between the two sub-groups are widely dispersed throughout the sequence. 
For example, although CHS4 and CHS7 are 82% identical (Tuteja et al., 2009), there are no 
siRNAs which are longer than 20 nt matching both CHS4 and CHS7 at 100% identity as shown 
in the alignment of Appendix D. Allowing up to two-base mismatches between the origin and 
target increases the number of siRNA sequences significantly (Appendix E). Thus, the targeting 
of CHS7 and CHS8 by the CHS1-3-4 primary siRNAs is likely primarily through mismatching 
rather than perfectly matched siRNAs.   
A developmental transition from primary to secondary siRNAs has not previously been 
elucidated in either naturally occurring or transgenic plant systems. In C. elegans, deep 
sequencing distinguished primary and secondary siRNAs using an exogenous RNAi construct 
containing mismatches from the wild type C. elegans target sequence positioned at 25 base 
intervals (Pak et al., 2012). Here, by examining the entire seed developmental period including 
the very early stages from a few days post fertilization that are labor intensive to obtain in 
sufficient quantity for sequencing, we demonstrated the transition from a small population of 
primary CHS siRNAs to the accumulation of high levels of 21-nt secondary siRNAs (Figures 
1.1-1.3 and Appendix A-C). The siRNA populations in the young seed had a higher proportion 
representing the CHS1-3-4 gene family members, consistent with this region as the origin of the 
primary siRNAs. Seed at 4 DAF contained a basal level of less than 100 RPM that aligned to any 
CHS gene. The levels of CHS siRNAs originating from the CHS1-3-4 clusters increased 
thereafter to roughly 400-900 RPM very early in seed development from 12-24 DAF to 5-6 mg. 
By the 5-6 mg stage, the seed coats contained roughly even proportions of siRNAs representing 
CHS1-3-4 compared to CHS7 and CHS8 but after that period, the CHS7/8 siRNAs increased 
dramatically, reaching peak levels of 8,000 to 10,000 RPMs in the biological repeats of the 50-75 
mg seed coats.    
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Intriguingly, the very young seed had a higher proportion of 22-nt CHS siRNAs than did 
seed from the 5-6 mg stage and older. Recent studies in Arabidopsis thaliana (Chen et al., 2010; 
Cuperus et al., 2010; Yoshikawa et al., 2013) demonstrated that 22-nt miRNAs (microRNAs) are 
critical for biogenesis of secondary 21-nt siRNAs as they drive amplification of secondary 
siRNAs via RdRP to generate ta-siRNAs (transacting siRNAs). Our data support the conclusions 
that the primary siRNA population has a higher proportion of 22-nt siRNAs, and that the 
secondary population amplified from the CHS7/8 substrates by RdRP are predominantly 21 nt in 
size. However, another study recently claimed that the miRNA-duplex structure is critical to the 
production of secondary ta-siRNAs rather than the length of miRNA (Manavella et al., 2012). 
Whether or not the 22-nt siRNAs are the only trigger to generate the 21-nt secondary siRNAs is 
unknown, since 21-nt primary CHS siRNAs were also present in the very young seed. The 
predominance of the 21-nt secondary siRNAs that represent CHS7/8 was maintained as the total 
levels of CHS siRNAs declined during the later stages of maturity.  
  
Biogenesis of CHS siRNAs is Regulated by the Developmental Program in Soybean Seed 
CHS siRNAs were found to be most abundant in the 50-75 mg stage among ten 
developmental stages (Figures 1.1 and 1.2). Previously, it was shown with RNA blots that CHS 
mRNAs are prevalent at 10-25 mg, 25-50 mg and 50-75 mg weight ranges of the seed coats of 
mid-maturation embryos with pigmented genotypes (Tuteja et al., 2004). Also, using TaqMan 
real time RT-PCR, it was shown that CHS7 and CHS8 mRNAs are highest at the 50-75 mg stage 
of Williams 55 pigmented seed coats with the homozygous recessive i genotype. In this regard, 
the profile of the CHS siRNAs resembled many other genes expressed during seed coat 
development, including many in the isoflavone and anthocyanin pathways (Wang et al., 1994). 
The most abundant levels of CHS siRNAs in the ii genotype with yellow seed coats generally 
coincided with the developmental time of appearance of the CHS7 and CHS8 target mRNAs in 
the recessive i genotype that has pigmented seed coats. Thus, in contrast with the down-
regulation of the pathway by CHS siRNA-targeted destruction of CHS mRNAs in the yellow 
seed coats, the CHS transcripts continued to produce CHS isoforms after the 50 mg stage with 
the resulting accumulation of large amounts of anthocyanins leading to the pigmented seed coat.    
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 By examining the entire seed developmental period including the small seed at 4 DAF 
through 24 DAF, we found that the CHS primary siRNAs representing the CHS1-3-4 origin 
clusters began to increase before the secondary siRNAs representing the CHS7/8 target mRNAs 
(summarized in Figure 1.5). These levels were higher than the basal level for CHS siRNAs found 
in non-seed tissues (Figure 1.4). From these results, we deduce that there was active biogenesis 
of the nascent CHS dsRNA that began to occur early in development between 12-24 DAF. It is 
not yet determined how early the CHS7 and CHS8 mRNAs begin to be expressed in the non-
silencing, pigmented mutant line Williams (i, black). Although RNA-Seq data is available from 
the Williams (ii, yellow) variety at these early stages (Jones and Vodkin, 2013), it is not yet 
available from the pigmented mutant line Williams (i, black).   
 
Primary CHS siRNA Levels are Not Sufficient to Trigger Secondary Amplification in 
Tissues Other than the Seed Coat  
Several hypotheses have been put forward to explain the tissue-specific accumulation of 
CHS siRNAs (Tuteja et al., 2004; Tuteja et al., 2009). (1) One mechanism could involve the 
action of a cell or tissue-specific transcription factor or DNA binding protein that initiates 
sufficient production of the dsRNA progenitor molecules only in the seed coats and not in other 
tissues of varieties with the dominant I and ii alleles. Alternatively, (2) the dsRNA could be 
formed in other tissues but not cleaved properly by a DCL protein to yield enough primary 
siRNA to trigger secondary siRNAs, or (3) the primary CHS siRNAs might not be amplified to 
high levels of secondary siRNAs due to lack of an RdRP or other core components to generate 
secondary siRNAs in other tissues. Here, our results with high throughput sequencing of large 
populations of small RNAs from eight non-seed tissues revealed only very low basal levels of 
CHS siRNAs, generally in the range of 60 RPM. We propose that the level of the CHS primary 
siRNAs is too low to trigger the secondary amplification in these tissues, unlike the situation in 
the non-pigmented seed coats where our data clearly show a rise in the levels of the primary CHS 
siRNAs to nearly 1000 RPM before the secondary siRNAs overtake them in abundance.    
Using RNAse protection experiments, a recent study has detected CHS dsRNA not only 
in the seed coat but also in the cotyledon and leaf tissues of lines with a dominant I allele 
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(Kurauchi et al., 2011). Although those results were not quantitative, they suggested that the 
biogenesis of CHS siRNA could be regulated in a tissue-specific manner after dsRNAs are 
generated by the failure to amplify secondary siRNAs because of a lack of a critical component 
in the amplification step, such as an RdRP activity. However, this would not explain why CHS 
dsRNAs that are formed in non-seed coat tissues would fail to be processed and amplified when 
many other miRNAs and siRNAs are fully processed and amplified in other tissues such as 
cotyledons, leaves, and roots of soybean with the I and ii alleles (Tuteja et al., 2009; Joshi et al., 
2010; Zabala et al., 2012) including numerous phased siRNAs (phasiRNAs) resulting from 22-nt 
miRNAs in soybean roots that target the NB-LRR defense gene families (Zhai et al., 2011). As 
shown in Figures 1.1-1.4, the amplification of the secondary siRNAs starts in the 5-6 mg seed 
coats. Recently, RNA-Seq data of seed coat and cotyledons from the 5-6 mg stage has been 
reported (Jones and Vodkin, 2013). The RNA-Seq data showed that the expression levels of 
Glyma models with annotations such as RdRP, DCL, and AGO (argonaute like protein), are very 
low and have no significant differences between seed coat and cotyledon (data not shown). For 
these reasons, we currently prefer hypothesis (1) that the level of the CHS siRNAs follows an 
increase in the nascent dsRNA to levels that are higher in the seed coats than in other tissues. 
Whether the limiting factor proves to be the levels of the dsRNA or primary siRNAs in 
tissues other than the seed coat, it is clear that secondary amplification from the target CHS 
mRNAs does not occur in other tissues as seen by the lack of high levels of 21-nt CHS siRNAs 
that align to any of the CHS genes (Figure 1.4). The absence of secondary siRNAs is not from 
the lack of CHS mRNA substrates as can be seen from a number of studies that report reasonable 
levels of CHS mRNAs in cotyledons, roots, leaves, and other tissues using RNA blots (Tuteja et 
al., 2004). In addition, using RT-PCR, most of the CHS genes including CHS7 and CHS8 were 
shown to be induced to high levels in pathogen-challenged leaf tissues (Zabala et al., 2006) 
indicating that sufficient CHS mRNA substrates for secondary amplification from even a low 
level of primary CHS siRNAs in the leaves would be possible. It is clear that CHS is down-
regulated by the CHS siRNAs only in the seed coats, though sufficient levels of CHS mRNAs 
exist in other tissues to serve as substrates for amplification of secondary siRNAs to high levels.        
In summary, because of the unique properties of the soybean silencing system, we were 
able to reveal that the onset of production of the primary CHS siRNAs in the very early seed 
11 
 
stages contained a higher proportion of 22-nt siRNAs originating from the CHS1-3-4 clusters of 
the ii allele. Then, the transition during development to a very large population of 21-nt 
secondary siRNAs representing amplification from the target CHS7 and CHS8 genes was 
apparent. Our results demonstrate regulation of the CHS inverted repeat genomic region is likely 
to rely on factors that occur during the very early seed developmental program and may reflect 
such changes. Further study of this system should provide more insight into the mechanisms of 
tissue specificity regulated by small RNAs and more broadly the blueprint of genes involved in 
development using the seed coat as a model.  
 
METHODS 
Plant Materials, Tissue Collection, and Small RNA Isolation 
The soybean line used in this study is inbred and homozygous for the indicated loci and is 
available from the USDA germplasm collection through GRIN (Germplasm Resources 
Information Network). The variety Williams (PI 548631), maturity group III, has genotype ii 
with a black hilum on an otherwise yellow seed coat. The genome of the closely related Williams 
82 isoline was recently sequenced (Schmutz et al., 2010) and is used as a reference genome 
standard in soybean. The PI number is an accession number by which information on the cultivar 
is searchable in the GRIN database.  
Soybean plants were grown in the greenhouse and immature seeds were harvested over 
the course of several weeks. The three earliest stages were harvested at the stated Days After 
Flowering (DAF) and the whole seeds were removed from the early pods under an Olympus 
SZ61 microscope (Melville, NY) and fresh-frozen in liquid nitrogen and stored at -80 °C until 
extraction. More than 40 beans were harvested to represent the expression level of each line. For 
older stages, the seeds were shelled, pooled together, and then sorted by weight range. The seeds 
were first dissected to separate the seed coat and the cotyledon. The seed coats were frozen in 
liquid nitrogen for 10 minutes and stored in the freezer (-80°C) until they were lyophilized.  
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Total RNA was isolated by standard methods using phenol and chloroform extractions 
(Wang and Vodkin, 1994) and precipitated with ethanol but without lithium chloride in order to 
preserve small RNAs.  
 
Small RNA Sequencing and Data Analysis 
Small RNA libraries and high throughput sequencing were performed with the Genome 
Analyzer-II and HiSeq-2000 (Illumina, San Diego, CA) by the Keck Center (University of 
Illinois, Urbana, IL) using standard Illumina protocols. Some of the sequences were barcoded for 
sequencing within a single lane. Generally, a total of ten to eighty million reads were obtained 
from these deep sequencing libraries. Adapter trimming was performed using Illumina’s Flicker 
pipeline which finds the presence of the adapter in each read by finding the best alignment of the 
adapter to the read, and removing it from the read. The sizes of the small RNAs after adapter 
trimming ranged from 14 to 33 nucleotides with the majority in the range of 18 to 25 nucleotides. 
Adapter trimmed sequences were compared to obtain the number and occurrences of unique 
sequences. Alignments of siRNA sequences to CHS Glyma models (Phytozome, Joint Genome 
Institute) from the Williams 82 reference genome of Glycine max (Schmutz et al., 2010) and 
from sequenced BACs including BAC77G7a, accession EF623858, containing the I locus 
clusters (Clough et al., 2004; Tuteja and Vodkin, 2008) were performed using the Bowtie 
program (Langmead et al., 2009). Alignments were made to individual CHS sequences with no 
mismatches allowed. Small RNA sequencing data was normalized in reads per million (RPM).  
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FIGURES AND TABLES 
 
 
Tissue Developmental stage Replicate Instrument model # of Reads
Whole Seed 4 days after flowering BR1 Illumina HiSeq 2000 27.0M 
Whole Seed 4 days after flowering BR2 Illumina HiSeq 2000 12.1M 
Whole Seed 12-14 days after flowering BR1 Illumina HiSeq 2000 35.2M 
Whole Seed 12-14 days after flowering BR2 Illumina HiSeq 2000 13.1M 
Whole Seed 22-24 days after flowering BR1 Illumina HiSeq 2000 30.8M 
Whole Seed 22-24 days after flowering BR2 Illumina HiSeq 2000 10.3M 
Seed Coat 5-6mg fresh weight BR1 Illumina HiSeq 2000 17.8M 
Seed Coat 5-6mg fresh weight BR2 Illumina HiSeq 2000 25.3M 
Seed Coat 10-25mg fresh weight NA Illumina HiSeq 2000 12.0M 
Seed Coat 25-50mg fresh weight NA Illumina HiSeq 2000 12.0M 
Seed Coat  50-75mg fresh weight BR1 Illumina Genetic Analyzer *2.9M 
Seed Coat  50-75mg fresh weight BR2 Illumina HiSeq 2000 11.5M 
Seed Coat  75-100mg fresh weight BR1 Illumina Genome Analyzer II 30.1M 
Seed Coat  75-100mg fresh weight BR2 Illumina HiSeq 2000 10.5M 
Seed Coat  200-300mg fresh weight BR1 Illumina HiSeq 2000 31.3M 
Seed Coat  200-300mg fresh weight BR2 Illumina HiSeq 2000 14.8M 
Seed Coat  300-400mg fresh weight BR1 Illumina Genome Analyzer II 34.0M 
Seed Coat  300-400mg fresh weight BR2 Illumina HiSeq 2000 17.1M 
 
Table 1.1. Summary Information on Eighteen Sequenced Small RNA Libraries from a Developmental 
Series of Williams (PI548631) Seed and Seed Coats Including Developmental Stage and Number of 
Reads. 
The PI number is an accession number by which information on the cultivar is searchable in the USDA 
GRIN (Germplasm Resources Information Network). Williams is homozygous dominant ii genotype with 
yellow seed coats. *This library was previously reported in [4]. BR1 and BR2 are biological repeats; NA, 
not applicable. 
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Figure 1.1. Total Counts of CHS siRNAs for Each CHS Gene Reveal CHS7/8 siRNAs are 
Dramatically Increased During Seed Coat Development.  
CHS siRNAs from small RNA libraries of ten developmental stages of the cultivar Williams ii 
were filtered to identify those with 100% identity to individual CHS genes as indicated by the 
color chart. RPM, reads per million. Numbers above the bar indicate the total counts of CHS4 
(red) and CHS7 (blue) siRNAs. Developmental stages are whole seed from (a) 4 DAF (Days 
After Flowering); (b) 12-14 DAF; and (c) 22-24 DAF; seed coats dissected from immature green 
seed of fresh weight (d) 5-6 mg; (e) 10-25 mg; (f) 25-50 mg; (g) 50-75 mg; (h) 75-100mg; (i) 
200-300 mg; and seed coats from (j) 300-400 mg yellow, desiccating seed. 
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Figure 1.2. Size Distributions of CHS siRNAs Reveal the Amplification of 21-nt Secondary 
siRNAs During Seed Coat Development.  
CHS siRNAs from small RNA libraries of the same ten developmental stages A-J as described in 
Figure 1.2 were analyzed for their size distributions between 18 and 25 nt. The normalized total 
counts in reads per million (RPM) are shown for each CHS gene according to the color chart. 
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Figure 1.3. Normalized Total Counts of CHS siRNAs that Match Either CHS4 or CHS7 with 
100% Identity During Ten Stages of Seed Coat Development.  
The 21-nt secondary CHS7 siRNAs are amplified to high levels relative to the CHS4 21-nt or 22-
nt siRNAs. Developmental stages are same as described in Figures 1.1 and 1.2.  
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Tissue Replicate Developmental stages Instrument model Reads 
Seed Coat NA 5-6mg fresh weight Illumina HiSeq 2000 25.3M 
Immature Cotyledon BR1 5-6mg fresh weight Illumina HiSeq 2000 31.5M 
Immature Cotyledon BR2 5-6mg fresh weight Illumina HiSeq 2000 31.1M 
Immature Cotyledon NA 50-75mg fresh weight Illumina Genetic Analyzer *3.0M 
Immature Cotyledon NA 100-300mg fresh weight Illumina HiSeq 2000 31.9M 
Germinated Cotyledon NA 10 Day Seedling Illumina Genome Analyzer II 16.4M 
Leaf  NA 10 Day Seedling Illumina HiSeq 2000 15.2M 
Root NA 10 Day Seedling Illumina Genome Analyzer II 17.3M 
Shoot Tip NA 10 Day Seedling Illumina HiSeq 2000 15.7M 
Stem NA 10 Day Seedling Illumina HiSeq 2000 22.3M 
 
Table 1.2. Summary of Small RNA Libraries Constructed from Various Williams (PI548631) 
Tissues Including Developmental Stage and Number of Reads. 
The PI number is an accession number by which information on the cultivar is searchable in the 
USDA GRIN (Germplasm Resources Information Network). Williams is homozygous dominant 
ii genotype with yellow seed coats. *This library was previously reported in [4].  
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Figure 1.4. The Total Counts of CHS siRNAs Family Members in Seven Different Soybean 
Tissues with ii Genotype Show Very Low Levels Except in the Yellow Seed Coat.  
Numbers above the bar indicate the total normalized counts of CHS4 (red) and CHS7 (blue) 
siRNAs. BR1 and BR2 are biological repeats which were grown at different times. RPM, reads 
per million. GC stands for germinated cotyledon. 
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Figure 1.5. Biogenesis of CHS siRNAs Preventing Pigment Formation in Developing Soybean 
Seed Coats of the Williams Cultivar with ii Genotype. Partially adapted from (Tuteja et al., 2009).   
The long inverted repeat of the ii allele of the I locus on Chromosome 8 contains cluster A 
(CHS1-3-4) and cluster B (CHS4-3-1) and forms the nascent CHS dsRNA although the exact size 
is unknown. The cleavage of CHS dsRNA by putative Dicer Like proteins (DCL) generates 
predominantly 22-nt primary CHS siRNAs at the earliest developmental stages, resulting in the 
degradation in trans of targeted transcripts from CHS7 (Glyma01g43880) and CHS8 
(Glyma11g01350) located on Chromosomes 1 and 11, respectively. After cleavage at the mRNA 
sites targeted by the primary CHS siRNAs, a putative RdRP synthesizes dsRNA from the 
cleaved CHS mRNA. The 21-nt secondary CHS siRNAs likely generated by DCL4 homologs 
from this dsRNA can target additional CHS mRNAs, thus amplifying the silencing response as 
well as spreading it over a larger region of the target. The stage of transition from predominantly 
22-nt CHS siRNAs (shown in blue) representing the origin of the CHS1-3-4 siRNAs to the 21-nt 
secondary CHS siRNAs (shown in red) representing the target CHS7 and CHS8 mRNAs occurs 
at the 5-6 mg seed stage as indicated.  
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CHAPTER 2 
 
GENOMIC RESEQUENCING AND COPY NUMBER DETERMINATION BY DIGITAL 
PCR REVEAL VARYING SIZE DELETIONS IN A REPETITIVE REGION 
CONTROLLING SEED COLOR IN SOYBEAN 
 
INTRODUCTION 
Next-generation sequencing (NGS) has expanded the capability of research in biology. Recently, 
numerous structural variants (SVs) of genomes and their effects were discovered by NGS in 
plants (reviewed in Sexena et al., 2014) and humans (reviewed in Weischenfeldt et al., 2013). 
However, there is a limitation to study SVs by using NGS when the target genome has many 
repetitive regions (Alkan et al., 2011a). Repetitive sequences are bountiful in a wide range of 
organisms. Outstandingly, plant genomes hold a high proportion of repeats. For example, 80% of 
the maize genome is covered by repeats (Schnable et al., 2009). The events of whole genome 
duplication, which produce a lot of repeats, were reported in Arabidopsis (Arabidopis Genome 
Initiative, 2000) and Glycine max (Schmutz et al., 2010). It is not an option to ignore repeats in 
the analysis of NGS data. Repetitive regions have critical function in organisms, such as 
generating small RNAs (reviewed in Axtell, 2013). Soybean seed coat pigmentation is one 
example of repeats producing small RNAs that affect phenotype. 
Soybean (Glycine max [L.] Merr.) seed coat pigmentation is regulated by the I (Inhibitor) 
locus (Palmer et al., 2004). The I locus has four alleles that determine the pattern of pigment 
along with the spatial distribution of the pigments. Varieties that are homozygous recessive (i) 
are pigmented and have pigment distributed across the entire seed coat. Varieties with the ii and 
ik alleles have pigment partially restricted to the hilum and saddle region, respectively. 
Dominance relations between the alleles are I > ii > ik > i. The I locus was first identified as a 
region of duplicated and inverted CHS genes by DNA blotting and PCR mapping of 15 pairs of 
isogenic lines which showed that mutations of a dominant allele (I or ii) to the recessive allele (i) 
delete multiple promoter sequences, paradoxically resulting in increased total CHS transcript 
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levels and thereby pigmented (black) seed coats (Todd and Vodkin, 1996). Sequencing bacterial 
artificial chromosomes (BACs) from the Williams 82 (PI 518671) soybean variety containing the 
dominant ii allele revealed that five (CHS1, CHS3, CHS4, CHS5, and CHS9) of the nine CHS 
gene family members are located in a 230-kb region (Clough et al., 2004; Tuteja et al., 2008). 
CHS1, CHS3, and CHS4 are located in two 10.91-kb perfect and inverted repeat clusters 
separated by 5.87 kb of intervening sequence. Both small RNA blots and high throughput small 
RNA sequencing from three genotypes (I, ii and i alleles) of soybeans revealed that CHS siRNAs 
accumulated only in the yellow seed coats containing either dominant I or ii alleles and not in the 
pigmented seed coats with homozygous recessive i genotypes (Tuteja et al., 2009). The 
generation pathway of CHS siRNAs involved in silencing the I locus was proposed (Tuteja et al., 
2009). A putative double stranded (ds) RNA generated from within a 27-kb inverted CHS region 
comprised of two clusters of the CHS1-3-4 and CHS4-3-1 genes is cleaved into primary siRNAs 
representing both strands that are amplified by RNA-dependent RNA polymerase (RdRP) to 
generate secondary CHS siRNAs from the target CHS7/8 mRNAs, which are capable of down-
regulating all members of the CHS gene family. The amplification from 22-nt primary to 21-nt 
secondary CHS siRNAs occurred early in the development of soybean seed coats (Cho et al., 
2013). On the other hand, CHS7 and 8 mRNAs are highly expressed in the pigmented seed coats 
in which CHS siRNA production has been abolished by deletions in the CHS cluster regions in 
the mutant i allele. However, the size of the deletion still remains unknown and how SV affects 
the abolishment of CHS siRNA in the recessive i allele pigmented seed coat isoline. Identifying 
genes within the deletion will give us a better understanding of the synthesis of CHS siRNA.  
Here, we investigate how structural variants of the genome of the I alleles regulate the 
expression of CHS siRNAs in soybean by using NGS and copy number determination using 
digital PCR. Copy number variation of CHS genes discovered three types of spontaneous 
mutations resulting in the pigmented soybean phenotypes (recessive i allele). For resequencing to 
investigate these mutations, the reference genome was modified by BAC (bacterial artificial 
chromosome) sequences since the reference did not show the structure of the I locus due to the 
highly repetitive CHS sequences. With the modified reference, we re-sequenced and confirmed 
two types of deletions (130 kb and 22 kb) between CHS repeat regions in the pigmented soybean 
mutants. It is likely that these deletions arose as recombination events between CHS repeats.  
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The third type of pigmented mutant did not show any copy number variation of the CHS 
genes or any large deletion or other obvious structural variation in the I locus region. 
Interestingly, transcripts potentially up to 9-kb long and including intergenic regions were not 
found in this black mutant whereas all non-pigmented seed coat lines with the ii allele showed a 
low level of expression of the intergenic regions. It is tempting to speculate that the transcripts 
found in the intergenic regions in the ii non-pigmented genotypes may represent read-through 
transcription resulting from gene fragments that flank the CHS genes in the ii allele as previously 
suggested (Clough et al., 2004). They also could result from alternative splicing in the 
fragmented regions. Whether the levels of these transcripts originating from this region are 
sufficient to produce antisense or double-stranded CHS RNA that would trigger generation of 
CHS siRNAs remains unclear because the presence of these transcripts were also observed in the 
roots of the progenitor Williams isoline (ii allele) which does not express CHS siRNAs.    
 
RESULTS 
Three Types of Copy Number Change of CHS genes are Found in Five Spontaneous 
Mutations of the ii Allele to the Recessive i Allele 
 We investigated the 6 pairs of isogenic lines that represent naturally occurring mutations 
of the ii allele (pigmented hila and non-pigmented seed coats) to the recessive i allele (entirely 
pigmented). Figure 2.1 summarizes the phenotypes, genotypes and PI number of progenitor 
varieties and their spontaneous mutants. The varieties are homozygous for the allele described. 
Williams 79 was not studied by digital PCR and resequencing since it is very close to Williams. 
Williams is a recurrent parent of Williams 79 for six backcrossing generations to introduce the 
Rps1-c locus which is not linked to the I locus (Figure 2.2). UC412 is a backcrossed isoline in a 
Clark background and having the Def locus leading to defective seed coats, but is pigmented 
(Figure 2.3) due to the recessive i allele from Clark UC3. All mutations are independent and 
occurred naturally in different progenitor lines, in different times, and in different places. The 
types of mutations are determined by the copy number change shown in Figure 2.4.  
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Digital PCR (dPCR) can detect copy number variation (CNV) with high resolution (Qin 
et al., 2008). CNV of CHS genes was measured by dPCR to compare copy number of CHS genes 
between progenitors and their black mutant isolines. We designed a set of primers and reporter to 
detect CHS1, 3, 4, 5 and 9 which are linked to the I locus, as shown by previous studies which 
sequenced multiple BACs from the Williams 82 that contains the silencing ii allele (Clough et 
al., 2004; Tuteja et al., 2008). Williams 82 is also the reference soybean genome (Schmutz et al, 
2010). Table 2.1 shows the sequences of the primers and reporters for the digital PCR. 
Mismatches between CHS genes were able to distinguish the CHS genes of the I locus region 
from other CHS gene family members. The sequence of the lectin gene, Le1, (Vodkin et al., Cell 
1983) was used as a reference gene as in soybean as there is only one copy in the genome to 
which the chosen primers have similarity.   
Figure 2.4 presents the results of the CNV of CHS genes between the non-pigmented 
progenitors and their black mutant isolines. There were three types of copy number change in the 
black mutant varieties. All non-pigmented progenitors had a higher copy number of the CHS 
genes compared to most of their black mutants. The copy number of CHS1, 3, 4, 5 and 9 genes 
was around eleven to twelve copies in the non-pigmented varieties as shown for Williams 82 (the 
reference variety), Williams, UC2 and UC7. Their black mutants Williams55 and the Clark 
isolines UC9 and UC130, all designated as type A, revealed a copy number of CHS genes 
between 2 and 3. UC3 and UC412 contained 7 to 9 copies of CHS genes and were designated as 
type B. Interestingly, Williams44, a mutant isoline derived from Williams, showed no difference 
in the copy number of CHS genes compared to its progenitor line and was designated as type C. 
Different types of mutations were reported in previous research comparing the restriction pattern 
of HindIII sites (Todd and Vodkin, 1996). Williams 44 (type C mutant) had no change in the 
CHS HindIII pattern while the type A mutants showed a loss of a 2.3 kb fragment. The CNV of 
CHS genes confirms the previous report and specifies how many CHS genes are lost during the 
mutations leading to the pigmented seed coat phenotype. 
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Using BAC Sequences to Fill Gaps and Inconsistencies in the Repetitive CHS Regions of 
the Dominant ii Allele in Two Versions of the Williams 82 Soybean Reference Genome 
Resequencing should provide more insight into the three types of mutations leading to the 
black mutant isolines. A region best representing the clustered region of CHS genes at the I locus 
is found on chromosome 8 of the current reference genome which agrees with previous genetic 
marker mapping that indicated that the classical I locus is located on linkage group A2, 
chromosome 8 (Figure 2.5). There are CHS rich regions close to the position of those markers on 
chromosome 8 in both the first assembly (Wm82.a1) of the reference genome of the cultivar 
Williams 82 (ii allele with non-pigmented seed coats) that was publicly released in 2010 
(Schmutz et al., 2010) and the more recent second assembly (Wm82.a2) which also integrates 
genetic maps helping to correct some issues in the first version. However, both versions of the 
soybean reference genome contain several gaps in the CHS rich region on chromosome 8 (Figure 
2.6), possibly due to the highly repetitive sequences of the CHS genes. Both versions of the 
reference genome were acquired by using whole genome shot-gun sequencing in which read 
lengths are shorter than 150 bp (Schmutz et al., 2010). Furthermore, there is an inconsistency 
between the two versions of the reference. Figure 2.6 shows the identical regions (blue box) and 
the discordant structure (red triangles indicating an inverted structure) between the two 
references. The inverted region (red triangles) and gaps (green boxes) are near repetitive regions, 
which are CHS gene rich regions (yellow arrows). These point out the challenge of assembling 
short reads to construct highly repetitive regions (Alkan et al., 2011b; Treangen and Salzberg, 
2012). 
Due to the inconsistencies in the two assembly versions of the soybean reference genome 
that are publically available, we referred to our previously reported BACs for choosing a better 
reference representing the structure of the I locus among the two versions. BAC 104J7 (GenBank 
Accession: AY262686) and BACs 56G2 (EF623856), 77G7-a (EF623854), and 27P17 
(EF623855) were previously reported to contain the I locus and its surrounding regions (Clough 
et al., 2004; Tuteja et al., 2008). We aligned these BACs against the two references by using 
Basic Local Alignment Search Tool (BLAST) of the National Center for Biotechnology 
Information (NCBI). Figure 2.6 illustrates that the BACs are more similar to Wm82.a2 than 
Wm82.a1. BAC 56G2 and a partial sequence of 77G7-a are 99.9% identical to the counterpart 
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regions of Wm82.a2, not to those of Wm82.a1. This suggests that Wm82.a2 is better at 
representing the I locus than Wm82.a1. 
We modified the region of Wm82.a2.Gm08:8,477,411-8,523,980 (red box in Figure 2.6) 
which was not aligned to any BACs. The discordant region starts with Gap 88 and ends with Gap 
95 harboring the CHS genes. These gaps and discordance are due to assemblies of short reads 
that may not be accurate for repeats. BACs are more reliable than the assembly of short reads for 
repetitive regions (Alkan et al., 2011b; Treangen and Salzberg, 2012). A couple of studies in 
humans showed the usage of BAC clones to fill the gaps and correct the human reference 
genome to show SVs (Huddleston et al., 2014; Chaisson et al., 2015). BACs 77G7a and 104J7 
were sequenced by capillary-based Sanger sequencing. The gaps were closed by primer walking 
from plasmid sub-clones (Clough et al., 2004; Tuteja et al., 2008). Furthermore, BACs 77G7-a 
and 104J7 are 99.9% identical to each other even though they were sequenced independently 
from different clones and at different times. We noted that these BACs are more reliable than the 
reference Wm82.a2 for this repetitive region. Thus, we modified Wm82.a2 by replacing the 
discordant region (red box) of Wm82.a2 with the counterpart region of BAC 77G7-a. 
Gm08:8,477,411-8,523,979 is replaced by the reverse complementary sequence of 49,182-
96,554 of BAC 77G7-a. The modified Wm82.a2 is 804 bp longer than the original Wm82.a2 
since the length of the counterpart region of BAC 77G7-a is 804 bp longer. 
Polymerase chain reaction (PCR) was performed to validate the region replaced by the 
sequence of the BACs. We designed unique primers to amplify amplicons if the modified 
reference is correct (Table 2.2). Figure 2.7A shows two structures: Wm82.a2 has a gap while the 
modified region has no gap. Amplicon 1 (A1) is able to be amplified in both cases. However, 
amplicon 2 (A2) is able to be amplified only in the modified Wm82.a2 since the forward primer 
of A2 is missing within Gap 95. In the result, both A1 and A2 were amplified (Figure 2.7B). The 
result suggests that the region modified by substituting the BACs sequence successfully filled the 
gaps and represents the ii allele in the Williams genome. The modified Wm82.a2 was used 
hereafter as the reference genome to which high throughput sequence reads were aligned and 
displayed in the Integrative Genome Viewer (IGV) for detailed analyses.   
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Resequencing Reveals 130-kb Deletions in Type A Mutations Resulting in Pigmented Seed 
Coat Phenotypes 
The lower copy number of CHS genes in some of the black mutant isolines implies the 
presence of deletions associated with mutations from the dominant ii allele to the recessive i 
allele. However, the size and position of such deletions is still unclear. With the modified 
reference genome, we investigated the three types of mutations resulting in the pigmented 
soybean mutants by using NGS resequencing. We performed Illumina paired-end whole genome 
sequencing of six lines which produced more than 300 million reads, giving us 30 to 70-fold 
coverage depths, respectively (Table 2.3). These lines represented the spontaneous mutations of 
Williams or Clark isolines as shown in Figure 2.1 and each of the three types of copy number 
variation shown in Figure 2.4.    
We observed that the type A mutants containing 3 copies of CHS genes (Williams 55 and 
Clark UC9) each had large 130-kb deletions in the CHS rich region on chromosome 8 (Figure 
2.8A). The large deletion is visualized by the difference of alignment depths between the 
varieties. The zero alignment depth starts at Gm08:8394840 around CHS1 and ends at 
Gm08:8515973 around CHS4. This suggests that the size of the deletion is at least 121 kb long in 
the type A black mutants. We noted that the deletion can be longer than 121 kb as zero alignment 
depth might not indicate the start and end of the deletion. Reads from identical regions can align 
to any of those identical regions (identical regions are indicated by red and blue lines in Figure 
2.8A). There were observable discontinuous alignments in the repetitive regions (region 1b and 
2b in Figure 2.8A). Reads were aligned and distributed to the identical regions that form 
discontinuous alignments within the deleted region. The lower depth of alignment of the 
repetitive regions (region 1a, 2a and 2c in Figure 2.8A), compared to the flanking regions, 
indicates the distribution of alignments to the identical repetitive regions. We suggest that region 
1a and partial 2a remains, while region 1b, 2b and partial 2c are deleted in the type A black 
mutants. It is hard to distinguish the conserved and deleted regions around the repetitive region 
with high confidence by resequencing. However, we were able to narrow the range of the 
breakpoint by incorporating resequencing data with CNV of CHS genes as measured by dPCR.  
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The type A black mutants have about 3 copies of CHS genes and resequencing shows 
CHS1, CHS3 and CHS4/5 (CHS4 and 5 have 99% identical sequence considered as same gene in 
the alignment process). Thus, the size of the deletion is about 130 kb (the distance from CHS1 in 
region 2a to CHS1 in region 2c) no matter where the breakpoint is. This deletion dropped nine 
CHS genes during the mutation but stops about 25,000 bp short of eliminating Glyma08G108900 
encoding serine hydroxymethyltransferase (SHMT), a gene recently identified as the Rhg4 locus 
that confers resistance to the soybean cyst nematode (Liu et al., 2012). The best estimate for the 
breakpoint of the deletion is around CHS3 genes on both sides (regions 2a and 2c). We assume 
non-allelic homologous recombination occurred between the two CHS3 genes which we will 
discuss later.   
We performed PCR by using unique primers to confirm the deletion observed by 
resequencing data. PCR primers (Table 2.3) were designed to show the deletion in type A black 
mutants since Amplicon 3 (A3) is not able to be amplified in the reference due to its size, 146 kb 
(Figure 2.9A). However, A3 was able to be amplified since the large deletion occurred in type A 
mutants. Indeed, A3 was observed as a fragment of approximately 8 kb in all type A black 
mutants (Figure 2.9B). There was no amplicon detected in the other varieties, as expected. In 
addition to the two independently derived mutations, Williams55 and Clark (UC9) which were 
both subjected to genome resequencing, the Williams (UC130) black mutation was observed to 
be type A based on the estimated copy number of 3 CHS genes (Figure 2.4) as well as the 8 kb 
amplicon observed by PCR (Figure 2.9B).  
 
A 22-kb Deletion Was Discovered by Resequencing and CNV in the Type B Black Mutant 
Isoline 
 Resequencing reveals a smaller deletion in the type B mutant showing 7 copies of CHS 
genes (Figure 2.8B). The deletion can be noticed by the absence of read alignments to the 
Glyma.08G110601 (hypothetical gene) in the modified reference which is in the center of the 
dominant ii allele of Williams composed of the 27 kb-inverted repeat region of CHS1,3,4 and 
CHS 4,3,1 genes. The absence of alignments (which starts at Gm08:8507936 around CHS4 and 
ends at Gm08:8515973 around the other CHS4 copy) may not illustrate the breakpoint of the 
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deletion. The region 2a (blue line) is intact in the type B black mutant. Regions 2b and 2c could 
have an alignment even if those regions are deleted since they represent repeats of CHS genes. 
We took CNV data into consideration for locating the breakpoint as we did previously. The type 
B mutation of Clark (UC412) appears to eliminate five copies of the CHS genes (Figure 2.4) 
down from 12 copies present in the parent lines. Thus, five copies of the six CHS genes within 
the central 27-kb inverted repeat of the main of the ii allele (in region 2c) were likely abolished 
in the type B black mutant. Thus, the size of this smaller deletion was estimated to be about 22 
kb. 
 
Major Structural Variation Is Not the Reason for the Deficit of CHS siRNAs in the Type C 
Mutant Isogenic Line 
Figure 2.8C presents resequencing data of the type C black mutant. There was not any 
noticeable SV in this black mutant. In addition, the copy number of CHS genes in the type C 
black mutant is the same as its non-pigmented progenitor as shown previously in Figure 2.4. 
Thus, the type C black mutant has a different reason, other than a large deletion, for the absence 
of CHS siRNAs. Small RNA sequencing data confirms that the type C mutant shows the 
depletion of CHS siRNAs (Appendix F). To investigate this, we searched for small insertions and 
deletions (INDELs) and single nucleotide polymorphisms (SNPs) between the type C mutant and 
its non-pigmented progenitor. Three small insertions and two small deletions were found within 
the I locus region (Appendix F). Those INDELs are located in non-coding regions, mostly TATA 
box regions. To investigate the effect of the INDELs of the type C black mutant, we analyzed 
mRNA sequencing data for the progenitor and their black mutant varieties along with the type A 
and type B deletion mutations.    
 
The Effect of Deletions in Type A and B Black Mutants as Determined by mRNA 
Sequencing  
We sequenced 29 mRNA samples from 6 different varieties in various developmental 
stages that span immature seed development. The list of sequencing data is described in Table 
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2.4. First, the effect of the deletion can be seen in the type A and the type B black mutants 
(Figure 2.10). The expression of mRNA including CHS genes was depleted widely because the 
130 kb region is deleted in the type A mutant (red box A). Apparently, any other expressed gene 
family members from other chromosome regions do not align under the Bowtie conditions used 
to the 130 kb region. In the type B black mutant which has a smaller deletion (red box B), there 
was also abolished gene expression as expected. However, comparing RNA-seq data between 
Williams and Williams 44 (type C mutant) showed that none of the small INDELs affect the 
expression of any transcript in the I locus region (Figure 2.10). We could not demonstrate any 
SVs, including small INDEL and SNPs, that affect the generation of CHS siRNAs in the type C 
black mutant. Thus, we hypothesized that methylation might affect the generation of CHS 
siRNAs in the type C black mutant. It is widely reported that methylation affects chromatin 
structure and transcription (Chodavarapu et al., 2010; Shukla et al., 2011). We performed 
bisulfite sequencing to compare the level of methylation between the type C black mutant and its 
progenitor line. However, there was no obvious difference in the overall level of methylation in 
the I locus region (Appendix G).   
 
Transcripts Containing the Intergenic Region of CHS1 and CHS3 Were Observed in the 
Yellow Seed Coats with Dominant ii Alleles But Not in the Type C Pigmented Mutant 
Isolines 
Interestingly, RNA-seq data show that intergenic regions of the CHS cluster were 
expressed at low levels in all non-pigmented progenitors with the dominant ii genotype, but not 
in any types of the black mutants including type C which does not have a large deletion. Figure 
2.11 magnifies this region showing apparently contiguous transcripts including intergenic 
regions that were expressed from the 5' end of partial subtilisin to CHS3 in Williams (red box A 
in Figure 2.11). This implies that a transcript possibly up to 9-kb, or various sizes of alternatively 
spliced fragments spanning this region, could be precursors of primary CHS siRNAs. There are 
two identical inverted repeat CHS clusters, I clusters A and B (Tuteja and Vodkin, 2008, and 
shown in Figure 2.11). Reads of mRNA align to both clusters for identical sequences, making it 
hard to distinguish the source of the reads. However, the continuity of alignments on the flanking 
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region of the repetitive region informs us of where the transcripts are actually transcribed from. 
Alignments are found from the 5’ end of the partial subtilisin gene to CHS3 of I cluster B, while 
alignments were restricted to only the I cluster A in the other side. This indicates that these 
transcripts comes from I cluster B region originating from the 5’ end of the partial subtilisin 
through CHS3 of I cluster B. Two chimeric cDNAs from expressed sequence tag libraries (ESTs) 
were previously found and proposed as a precursor of CHS siRNA (Clough et al., 2004) 
assuming that RNA polymerase transcribes from the promoter of the partial subtilisin through 
CHS1 and continues into the 5’ end of CHS3.  
Differential gene expression in the region between the non-pigmented variety and the 
type C black mutant line (as shown in Figure 2.11), which does not have any SVs, suggests that 
this transcript is critical for the production of CHS siRNAs. The transcript could generate hairpin 
RNAs with a 2.4-kb spacer region (Clough et al., 2004). If so, these transcripts could be the 
origin of the dsRNA that triggers the siRNA. However, other observations are not consistent 
with the presence of this transcript coinciding with generation of CHS siRNAs. For example, 
CHS siRNAs are tissue specific occurring only in the seed coats and not in the cotyledons, roots, 
and other tissues of the plant (Tuteja et al., 2009, Cho and Vodkin, 2013). However, we found 
transcripts extending from the 5’ partial subtilisn gene and in the CHS1 and CHS3 intergenic 
regions in the roots of the non-pigmented Williams ii genotype (Figure 2.12). Despite the 
presence of these intergenic transcripts, no CHS siRNAs form in the roots allowing levels of 
CHS genes including CHS1 and CHS3 to be highly expressed in the roots (Tuteja et al., 2004).   
 
DISCUSSION 
More Copies of a Gene Can Reduce the Activity of Other Gene Family Members Leading 
to Different Phenotypes 
Many researchers reported the correlation between the copy number and the level of gene 
expression. Dosage-compensation mechanisms exist for autosomes in some plant species 
(reviewed in Tang and Amon, 2013). Recently, it was shown that increased copy number is 
positively correlated with gene expression levels in potato (Iovene et al., 2013). In soybean, the 
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quantitative trait locus, Rhg1, resistant against soybean cyst nematode, is correlated tandem 
repeats and increased expression of several genes on chromosome 18 (Cook et al., 2012). 
However, the opposite effect of copy number on the level of transcript was rarely 
reported (Lee et al., 2006). This study showed that the relationship between the activity of gene 
function and copy number is more complicated. The copy number of a gene can reduce the 
expression of other gene family members through siRNA. Williams has more copy numbers of 
CHS1, 3 and 4 genes, which synthesize primary CHS siRNAs, silencing CHS7 and 8 are critical 
to synthesize pigment molecules. The overall activity of the genes is suppressed by having more 
copy numbers of some of the gene family members when the unique arrangement of the gene 
copies leads to production of double stranded RNAs triggering the siRNA pathway.   
 
Large Deletions Destroy the Unique Arrangement of the CHS Genes of the ii Allele 
Copy number variation of CHS genes shows three types of mutations leading to 
pigmented seed coats (Figure 2.4). Resequencing and PCR demonstrated that the type A mutants 
lost 9 copies of the CHS genes and deleted about 130 kb that removed 10 other non-CHS genes 
or gene fragments found in this region. Obviously, with this mutation almost the entire structure 
of the 27-kb inverted repeat composed of I cluster A and I cluster B is removed including the 
flanking subtilisn promoter and the possibility of any read-through transcription from that 
promoter. The type B mutant was missing 5 copies of CHS genes compared to its non-pigmented 
progenitor and contained a smaller deletion of about 22 kb in length which comprised most of 
the 27 kb inverted repeat I cluster A and I cluster B.   
It was previously shown that spontaneous mutations of the ii allele to the i allele in 
various independent cultivars was accompanied by the loss of a 2.3 kb HindIII fragment in DNA 
blots (Todd and Vodkin, 1996) using a full length CHS gene probe or a CHS4 specific probe 
representing the promoter region of the CHS4 gene. Of the ten independent mutations tested by 
restriction fragment length (RFLP) blotting, seven of them lacked the 2.3 kb HindIII fragment 
that is indicative of the CHS4 fragment. In order for this fragment to be missing, both copies of 
the CHS4 genes in the 27-kb inverted repeat must be missing, implying that many of the 
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spontaneous recessive i mutations likely resemble those represented by the type A (130 kb) and 
type B (22 kb) deletions described in this thesis by copy number variation and genome 
resequencing. Two of the 10 examined by blotting did not have any observable change in the 
RFLP pattern and one of those (Williams44) is the Type C mutant describe here (Figure 2.4 and 
2.8). The final category of RFLP changes observed in ii to i mutants was the presence of an extra 
9.6 kb HindIII fragment in the Clark background and this mutation has not been examined yet by 
copy number variation or re-sequencing.   
 
Do the Aberrant Transcripts in the Intergenic Regions Represent a Precursor That 
Triggers the siRNA Pathway?  
The type C mutant does not show any large deletion, but RNA-seq data demonstrates the 
lack of the transcripts in the intergenic regions of the I cluster B in the Type C mutant. Only 
three small insertions and two small deletions were found within the extended I locus region but 
are not near the 27-kb inverted repeat so are not likely to be critical to the generation of any 
transcripts that might represent precursors to the siRNA pathway (summarized in Figure 2.13).   
Further analysis of paired-end RNA-Seq data in the non-pigmented ii alleles is needed to 
determine whether these transcripts as shown in the IGV browser displays of Figure 2.12 are 
indeed continuous throughout this region and the size of some of the transcripts. Also, required is 
a more detailed quantitative analysis of the levels of these low abundance transcripts in the ii 
yellow seed which produce CHS siRNAs versus in the other tissues such as the roots that do not 
produce CHS siRNAs but do exhibits some of these aberrant transcripts. It is possible that a 
certain threshold of the transcripts or certain class of DCL and AGO is necessary to trigger the 
downregulation by the siRNA pathway in different tissues.   
 
Non-allelic Homologous Recombination Can Cause Structural Variants in the Genome 
It is reported in human studies that non-allelic homologous recombination can cause 
genome rearrangement during meiosis (reviewed in Sasaki et al., 2010). Crossover 
36 
 
recombination between repeats at non-allelic positions such as CHS genes at different positions 
could generate deletions during meiosis as outlined in the model proposed in Figure 2.14. The 
identical sequence of CHS genes possibly leads to non-allelic recombination between b and c 
strands generating chimeric CHS3 (red and green arrow in Figure 2.14). This can result in the 
duplication (b+c) and the deletion (b-c) during meiosis. The deletion (b-c) occurs in the type A 
black mutants eliminating 130 kb including both the clusters A and B of the ii allele and the 
possible expression of any precursor for the primary CHS siRNAs. The type B mutation is likely 
also a recombination event between non-allelic CHS genes but this time occurring within the 
CHS genes of the I cluster A and I cluster B regions. 
 
Strategies to Improve the Reference Genome for Handling Repetitive Regions 
 Repetitive regions have been ignored even though they are abundant in many organisms 
and it is important to define SVs affecting phenotype via mechanisms as non-allelic homologous 
recombination. Our study showed that repetitive regions can be studied by NGS when the 
reference correctly represents the region. Stringent conditions of alignment using SNPs between 
repetitive regions allowed us to distinguish where the reads came from.  
A high-quality reference is essential to studying repetitive regions which have been a big 
challenge for genome assembly by short DNA reads. The key feature to overcome this challenge 
is to get longer reads. In this study, we were able to refer to BAC clones previously sequenced to 
correct the reference and fill the gaps. However, this is not an efficient way to handle repetitive 
regions in terms of time and cost. There are various efficient strategies to get longer fragment 
libraries which can jump across repetitive regions to link together more contigs. Mate-pair 
information can be incorporated with the data of pair-end reads (Treangen and Salzberg, 2012). 
The reference genome of potato showed a good example of how to improve the quality of a 
genome by using mate-pair information (Potato Genome Sequencing Consortium, 2011). Also, a 
third generation sequencing technique producing longer reads, such as the Single Molecule Real 
Time (SMRT) sequencing of Pacific Biosciences, was suggested to improve genome assembly 
for investigating SVs at repetitive regions (Huddleston et al., 2014; Chaisson et al., 2015). The 
high error rate of SMRT is still problematic, but incorporating it with other sequencing platforms 
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having a low error rate, such as Illumina, can compensate for this limitation (Koren et al., 2012). 
These approaches as well as using current databases of BACs could help improving the quality 
of references. Better references will give us a better capability to study repetitive regions which 
have very important biological functions.  
 
METHODS 
Plant Materials and Tissue Collection 
Varieties of soybean for this study are described in Figure 2.1. The soybean lines used in 
this study are inbred and homozygous for the indicated loci, so only one allele is indicated in the 
text and all of the figures. The PI number is an accession number by which information is 
searchable in the GRIN database. Soybean plants were grown in the greenhouse and shoot tips 
and immature seeds were harvested over the course of several weeks. Tissues were dissected and 
frozen in liquid nitrogen, freeze dried, and stored at -20 °C. 
  
DNA Isolation and PCR Amplifications 
Soybean genomic DNA was isolated by using the method of Dellaporta et al. (1983) with 
minor modifications. The modifications are described in Todd and Vodkin (1996). Three sets of 
forward and reverse primers were designed (Table 2.2). PCR experiments were performed in a 
50-µL reaction mixture containing 1 µg of genomic DNA in 5 µL of PCR buffer, 2.5mM Mg2+, 
0.4 mM deoxynucleotide triphosphate, 2.5 units of Takara LA Taq polymerase, and 0.2 µM 
forward and reverse primers. PCR reactions were conducted in a PTC-100 programmable 
thermocycler (MJ Research, Watertown, MA) via an initial denaturation step at 94 °C for 1 min 
followed by 30 cycles of denaturing at 98 °C for 10 sec, annealing at 55 °C for 1 min, and 
elongation at 68 °C for 9 min, to end with a 10-min extension at 72 °C. The amplified reactions 
were separated on a 0.7% agarose gel and bands stained via Gel Green™ (Biotium). 
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Whole Genome Resequencing and Data Analysis 
Whole genome sequencing library construction and high throughput sequencing were 
performed by the Keck Center (University of Illinois, Urbana, IL). The libraries were prepared 
with Illumina's TruSeq DNAseq Sample Prep kit. The libraries were quantitated by qPCR and 
sequenced on one lane for 100 cycles from each end of the fragments on a HiSeq 2000 (Illumina, 
San Diego, CA) using a TruSeq SBS sequencing kit version 3 and analyzed with Casava1.8 
(pipeline 1.9). The average size of the DNA fragments was around 500 nt; insert size is 300 nt. 
Quality check for sequencing data was done by FastQC (Andrews, 2010). Alignments were 
performed by using Bowtie2 (Langmead et al., 2012). We used default alignment and reporting 
options. Bowtie2 output files, in SAM format, were converted to the BAM format and sorted by 
Samtools (Li et al., 2009). The Integrative Genomic Viewer (IGV) was used to convert from 
BAM to TDF format and visualize normalized (count at base ൈ one million / total number of 
reads) data (Robinson et al., 2011). To call SNPs, we used the Samtools command (mpileup -uf) 
and converted BCF to VCF format to visualize in IGV. 
  
Digital PCR and Analysis of Copy Number Variation of CHS 
         Customized Taqman primers and one reporter were prepared from Applied Biosystems 
(Waltham, MA). We prepared two sets of primers; one for CHS (target), another for Lectin1 
(reference) which has only one copy in soybean genome (Vodkin et al., 1983). The target gene is 
labeled by FAM and the reference gene is labeled by VIC dye. DNA samples were fragmented to 
3 kb lengths by M220 Focused-ultrasonicator™ (Covaris, Woburn, MA). Digital PCR was 
performed with Fluidigm BioMark™ (Fluidigm, South San Francisco, CA) by the Keck Center 
(University of Illinois, Urbana, IL) following Fluidigm protocol. Results were analyzed by 
Fluidigm Digital PCR Analysis software (Fluidigm, South San Francisco, CA). The software 
performed a statistical analysis to find the 95% confidence intervals of the true concentrations 
and the ratio of two concentrations (Dube et al., 2008). Three to four biological replicates were 
used for each variety. 
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Small and Messenger RNA Isolation 
Total RNA was isolated by standard methods using phenol and chloroform extractions 
(Wang and Vodkin, 1994) and precipitated with ethanol but without lithium chloride to preserve 
small RNAs. For mRNA isolation, the sample was further purified by lithium chloride 
precipitation. In the case of the seed coats with pigments, the pigmented regions contain 
proanthocyanidins that bind to the RNA in the regions of the seed coat that will eventually 
contain the anthocyanin pigments (Todd and Vodkin, 1993). The modified RNA isolation 
method that was designed specifically to overcome this problem uses hydrated 
polyvinylpolypyrrolidone (PVPP), polyproline, and bovine serum albumin as competitors for the 
proanthocyanidin compounds in order to extract high quality RNA (Wang and Vodkin, 1994).  
  
Small RNA Sequencing and Data Analysis 
Small RNA library construction and high throughput sequencing were performed with 
the Genome Analyzer II and HiSeq 2000 (Illumina, San Diego, CA) by the Keck Center 
(University of Illinois, Urbana, IL). Quality check for sequencing data was done by FastQC 
(Andrews, 2010). Adapter trimming was performed by using FASTX Tool Kit (Gordon and 
Hannon, 2010) which finds the presence of the adapter in each read by finding the best alignment 
of the adapter to the read, and removes it from the read. The sizes of the small RNAs after 
adapter trimming ranged from 16 to 40 nucleotides. Adapter trimmed sequences were compared 
to obtain the number and occurrences of unique sequences. Alignments of siRNA sequences 
against the modified Wm82.a2 were performed by using Bowtie1 (Langmead et al., 2009). 
Alignments were not allowed any mismatch by using the alignment option (-v 0). We used 
commands (-best --strata -M 1) that choose one among multiple valid alignments, which had a 
100% match, and randomly distribute it (Treangen and Salzberg 2012). Output files in SAM 
format were converted to the BAM format and sorted by the Samtools program (Li et al., 2009). 
The Integrative Genomic Viewer (IGV) was used to convert from BAM to TDF format and 
visualize normalized (count at base ൈ one million / total number of reads) data (Robinson et al., 
2011). 
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Messenger RNA Sequencing and Data Analysis 
Transcriptome library construction and high throughput sequencing (RNA-Seq) were 
performed with the HiSeq 2000 (Illumina, San Diego, CA) by the Keck Center (University of 
Illinois, Urbana, IL). Quality check for sequencing data was done by FastQC (Andrews, 2010). 
Alignments of mRNA sequences against the modified Wm82.a2 were performed by using 
Bowtie1 (Langmead et al., 2009). Alignments were made with no mismatches allowed by the 
command (-v 0). We used commands (-best --strata -M 1) that choose one among multiple valid 
alignments, which had a 100% match, and randomly distribute it (Treangen and Salzberg 2012). 
Output files in SAM format were converted to the BAM format and sorted by the Samtools 
program (Li et al., 2009). The Integrative Genomic Viewer (IGV) was used to convert from 
BAM to TDF format and visualize normalized (count at base ൈ one million / total number of 
reads) data (Robinson et al., 2011). 
  
Bisulfite Sequencing and Data Analysis 
Bisulfite library construction and sequencing were performed by the Keck Center 
(University of Illinois, Urbana, IL). The shotgun DNA libraries were prepared with the Library 
Construction kit from Kapa Biosystems with one modification: after adaptor ligation, libraries 
were treated with the EZ DNA Methylation-Lightning kit (Zymo Research). Bisulfite-treated 
libraries were amplified with the Kapa HiFi Uracil+ DNA Polymerase. The library was 
quantitated by qPCR and sequenced on one lane for 101 (for Williams) and 161 (for Williams 
44) cycles from each end of the fragments on a HiSeq 2500 (for Williams) and 2000 (for 
Williams 44) using a TruSeq SBS Rapid Sequencing kit version 1. FASTQ files were generated 
with the software Casava 1.8.2 (Illumina). Quality check for sequencing data was done by 
FastQC (Andrews, 2010). Alignments were performed by using Bismark (Krueger and Andrews, 
2012). Alignments were not allowed any mismatch by using the alignment option (-n 0 -l ‘read 
length’). The default reporting option (-k 2 --best) is unchangeable in Bismark. It chooses two 
best valid alignments among valid alignments, which have 100% match. This can make some 
bias on repetitive region since alignments can be doubled. Bismark output files, in SAM format, 
were processed by the deduplication command (bismark_deduplicate) which allowed only 1 read 
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for each position in the genome to remove PCR artifacts. Methylation calls were extracted by the 
command (bismark_methylation_extractor) with the option producing a BEDGRAPH output file. 
The Integrative Genomic Viewer (IGV) was used to visualize data (Robinson et al., 2011).  
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FIGURES AND TABLES 
 
 
Figure 2.1. Six independent mutations from the ii allele to the recessive i allele were 
investigated.  
All mutations are naturally occurring. The varieties are homozygous for the allele described. The 
six mutations are divided into three types according to the copy number variation data (Figure 
2.4). 
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Figure 2.2. Pedigree of varieties derived from Williams. 
Williams79 (W79) is a descendant of six times of backcross between Lee 68 and Williams 
(recurrent parent). Williams 44 (W44) is a spontaneous mutation in Williams that reverts to 
pigmented seed coats. Williams 82, the variety of the reference genome, is a descendant of seven 
times of backcross between Kingwa and Williams (recurrent parent). 
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Figure 2.3. Pedigree of varieties derived from Clark. 
UC7 is a backcrossing product derived from UC2. UC9 is a spontaneous mutation in UC7 that 
reverts to pigmented seed coats. UC3 is a naturally occurring mutant derived from UC2. UC412, 
the variety showing pigmented and defective seed coat, is a product of backcross to introduce the 
def locus into Clark. 
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Table 2.1. Sequences of primers and reporter used for digital PCR to detect CHS genes which 
are only located in the I locus region. 
The reference gene is Le1, (Vodkin et al., Cell 1983) was used as a reference gene as in soybean 
as there is only one copy in the genome. Copy number of target gene is calculated as, copy 
number of target gene = adjusted signal of target gene / adjusted signal of reference gene 
(followed by manufacturer’s protocol). Number of mismatch means a count of mismatch in 
between the sequence of primers or reporter and the sequence of target or reference genes. 
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Figure 2.4. Copy number variations of CHS genes show there are three types of copy number 
change of CHS genes during mutations leading to black mutant varieties. (W82:Williams82, 
W:Williams, UC2:Clark, W55:Williams55, W44:Williams44) 
The copy number of CHS in type A black mutants is about three, which is significantly lower 
than 10 to 12 copies in yellow (ii allele) varieties. The type B black mutants have about 7 to 9 
copies, while type C shows no difference from those of the yellow varieties. Box plots represent 
75% of the sample with the dark line at the median copy number and the light lines denoting the 
highest and lowest copy numbers in the sample. 
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Figure 2.5. Genetic markers indicate that the I locus is located on chromosome 8.  
The position of genetic markers in the first version of reference (A) and second version (B) are 
indicated by arrow. Blue arrow represents the markers shown in Soybean-GmComposite2003 
(www.soybase.org). Red arrow represents the markers reported in Rodriguez et al. (2013). Pink 
area is the CHS gene rich region. (M: million) 
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Figure 2.6. Comparison of two versions of the soybean reference genome and BACs.  
Light blue boxes represent identical regions. Each version of the assembly has inverted structures compared to each other (red shade). 
Each arrow on the line represents a gene. CHS genes are indicated as yellow block arrows. Gaps are indicated as green blocks. 
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Figure 2.7. PCR validates the sequence of the modified reference is accurate.  
A. Two possible structures: Wm82.a2 (Gmax275) contains gaps while modified Wm82.a2 does 
not. Amplicon 1 (A1) is able to be amplified in both cases. Amplicon 2 (A2) is able to be 
amplified only in the modified Wm82.a2 because the forward primer of A2 is dropped in Gap 95 
of Wm82.a2. Colored boxes represent the primers and their locations in the chromosome. 
B. A1 and A2 were amplified, thus validating the modified Wm82.a2, which fills the Gap 95 of 
the I locus region. DNA was extracted from Williams 82. 
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Table 2.2. Sequences of the primers used in this study 
Amplicon1 and 2 are shown in Figure 2.7. Amplicon 3 is used in Figure 2.9. 
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Table 2.3. Summary of whole genome sequencing libraries for yellow varieties (ii) and their 
black mutants (i) indicates PI number, genotype, total number of reads and coverage depth 
[(length of each read multiplied by total number of aligned reads) / length of soybean reference 
genome (980 Mbp)]. 
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Figure 2.8. Whole genome resequencing investigates the three types of mutations causing the 
depletion of CHS siRNAs in black mutant varieties. Graph shows normalized counts of 
alignment in 0.25 scale [count at base ൈ one million / total number of reads]. Red and blue lines 
represent the identical regions. 
A. The type A mutation shows a large deletion about 130 kb, dropping nine CHS genes. 
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Figure 2.8. (cont.) 
B. The type B mutation shows approximately 22 kb deletion abolishing about 5 CHS genes.  
C. The type C mutation shows no apparent SVs and CNV. 
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Figure 2.9. PCR confirms the deletion causing the depletion of CHS siRNAs in the type A black 
mutant varieties.  
A. Amplicon 3 (A3) is too long (about 146 kb) to be amplified without the deletion, as shown 
below. Green and purple boxes represent the primers and their locations in the chromosome. 
B. A3 is not detected in the non-pigmented varieties, while it is about 8 kb in the type A black 
mutants. 
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Table 2.4. Summary of RNA sequencing libraries for yellow varieties (ii) and their black mutants (i) indicates label, PI number, 
phenotype, genotype, data ID, type of data, total number of reads, tissue and developmental stage. (Labels were shown in Figure 2.10 
and 11. DAF stands for day after flowering) 
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Figure 2.10. The deletions of black mutants (i) abolished the gene expression of the deleted region while their non-pigmented 
progenitors (ii) have intact gene expression (A: 130 kb deletion in the type A mutant, B: 22 kb deletion in the type B mutant).  
Graph shows normalized counts of alignment in 2.0 scale [count at base ൈ one million / total number of reads]. Red boxes indicate the 
regions where gene expression abolished by deletions. Each library is labeled as described in Table 2.4.  
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Figure 2.11. All non-pigmented varieties have the contiguous transcripts including intergenic regions that were expressed from the 5' 
end of partial subtilisin to CHS3 (A). The black mutants show no expression of the transcript including the type C mutant (B) which 
does not have any large SV.  
Graph shows normalized counts of alignment in 2.0 scale [count at base ൈ one million / total number of reads]. Red box points out the 
expression of putative precursor RNA of CHS siRNA. Green lines show two identical regions of I cluster. Each library is labeled as 
described in Table 2.4. 
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Figure 2.12. The transcripts extending from 5’ partial subtilisn gene and in the CHS1 and CHS3 intergenic regions were found in the 
roots of the non-pigmented Williams (ii). 
Graph shows normalized counts of alignment in 60 scale [count at base ൈ one million / total number of reads]. Green line shows the I 
cluster region. Bowtie1 used -a and -m 25 option to avoid underestimating counts on the repetitive I cluster. 
.
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Figure 2.13. A model for how expression of the precursor RNA generated from the I locus 
region might affect the biogenesis of CHS siRNAs regulating the pigment formation of the 
soybean seed coat.  
In yellow varieties (ii), the precursor RNA is transcribed by RNA polymerase binding to the 
promoter of 5’ end partial subtilisin. The precursor RNA forms hairpin dsRNA having a 2.4 kb 
spacer region. The hairpin RNA generates 22-nt primary CHS siRNAs (shown in blue) leading to 
amplification of 21-nt secondary CHS siRNAs (shown in red), which can target the larger region 
of CHS7 and 8 mRNAs. The black mutants fail to transcribe the precursor RNA, resulting in the 
depletion of CHS siRNA and leading to the pigmented seed coat. 
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Figure 2.14. Formation of structural variations in the genome occurs during meiosis by non-
allelic homologous recombination. The recombination between b and c strands at the CHS3 
repeat causes the duplication (b+c) and the deletion (b-c). The deletion eliminates the promoter 
of the partial subtilisin gene in black mutants. 
Each arrow on the line represents a gene. CHS genes are indicated as yellow arrows. Chimeric 
CHS3 is labeled by red and green. The promoter region of the partial subtilisin gene transcribing 
the precursor of primary CHS siRNAs is indicated as a brown arrow. 
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CHAPTER 3 
 
THE SPATIAL REGULATION OF CHALCONE SYNTHASE SIRNAS IN GLYCINE 
MAX SEED COATS 
 
INTRODUCTION 
 The first observations of silencing of chalcone synthase by co-suppression in transgenic 
petunia were associated with chimeric or patterned flowers as well as white flowers (Napoli et 
al., 1990; Van der Krol et al., 1990). Small RNA sequencing of co-suppressed, non-pigmented 
transgenic petunia flowers with introduced CHS genes has shown that CHS siRNAs are the 
causative factor of silencing the pigment pathway in flowers (De Paoli et al., 2009). Recently, it 
has been shown that the naturally occurring chimeric patterns in petunia are the result of tandem 
arrangements of CHS genes and that the expression of CHS siRNAs is present in the non-
pigmented sectors (Morita et al., 2012). This report proposed other loci are likely involved in the 
patterning phenomena in petunia, but none have been identified to date.  
 There are many commonalities between the naturally occurring RNAi downregulation of 
CHS genes exhibited by the I locus in soybean which controls seed color (reviewed in Chapters 1 
and 2 of this thesis) and the transgenic petunia systems (Eckardt, 2009). These similarities 
include CHS siRNAs that are predominantly 21 nt in size and match both sense and antisense 
strands primarily of exon 2 of the conserved target CHS genes, likely through amplification of 
the original signal through RdRP. The soybean seed coat system has a phenotype producing 
chimeric pigmentation in the seed coat, known as the saddle pattern, since the pigment extends 
from the hilum to occupy a saddle-shaped region on both sides of the seed coat proper. In the 
soybean system, it was reported that the phenotype is determined by the combination of two loci: 
the I and K1 loci (Palmer et al., 2004).  
 Figure 3.1 shows the seed coat phenotypes of the four alleles of the classical I locus using 
a series of mutant or backcrossed isolines. The ik allele, among 4 alleles of the I locus, produces 
the saddle pattern phenotype. The rare ik allele is not commonly used commercially but was 
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introgressed by geneticists into various lines by backcrossing. The dominant I and ii alleles are 
common alleles found in most commercially used cultivars and in many of the standard varieties 
used in soybean breeding programs. For example, Williams and Clark are homozygous for the ii 
allele that produces a pigmented hilum on a yellow seed coat. Independent, naturally occurring 
mutations in a number of yellow-seeded cultivars result in completely pigmented (black) seed 
coats that are homozygous for the recessive i allele. A series of these isogenic recessive 
mutations has been shown to result from naturally occurring deletions at the I locus (Todd and 
Vodkin, 1996; Tuteja et al., 2004) some of which are up to 130kb and delete most of the 
structure of the inverted repeat forming the ii allele (Chapter 2 in this thesis).  
 Most soybean varieties contain the dominant K1 locus. Interestingly, the recessive k1 
mutation appears to partially overcome the effect of the dominant I and ii alleles and to extend 
the pigmented region over a larger surface of the seed coat as shown in Figure 3.1. Seed with the 
ii, k1 genotype have a saddle pattern that mimics the ik, K1 phenotype. The effect of the k1 
mutation on the dominant I allele is even more pronounced and the seed with the I, k1 genotype 
are referred to as “near black” as they only have a narrow strip of non-pigmented region at the 
outer edge of the seed coat, which is visible in fully expanded seed before desiccation but often 
is not apparent on the mature seed. This is an example of an epistatic interation between the I and 
K1 loci resulting in an interesting chimeric pigmentation phenotype, but very few things known 
so far including the molecular identification of the K1 locus.    
Here, we demonstrate that the soybean system exhibits spatially regulated, pattern-
specific CHS siRNA production. Using small RNA sequencing, we demonstrate that CHS 
siRNAs are the cause of chimeric seed coat patterns produced by the ik and k1 alleles which 
restrict pigment to only certain regions of the seed coats. Using RNA-Seq to compare sectors of 
the pigmented regions, we show that the saddle pattern variety, Clark18a (ii, k1) has a 129 bp 
deletion in the AGO5 resulting in alternative splicing and premature termination of translation. 
The non-functional AGO5 protein apparently affects the spatial regulation of CHS siRNA 
production within the seed coats. Another saddle variety, Clark8 (ki, K1) shows a different 
genomic structure of the I locus region from the varieties of the ii allele varieties and also 
affecting the spatial expression of CHS siRNAs in soybean seed coat. 
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RESULTS 
The Recessive k1 Mutation Modifies Formation of Chimeric Patterns Specified by Alleles 
of the I Locus  
We utilized two Clark isolines with the saddle pattern in order to determine whether CHS 
siRNAs play a central role in the formation of pigment in the chimeric saddle pattern genotypes. 
The pedigree of two Clark isolines are described in Figure 3.2. Clark18a (ii, k1) is a saddle 
pattern mutant of non-pigmented Clark (ii, K1). Clark8 (ik, K1) has a recurrent parent, UC9 (i, 
K1) in six backcrossings to introduce the saddle pattern trait from Black Eyebrow. Since the 
pigment is not yet visible in the green seed stages during which CHS siRNAs are most abundant, 
dissecting the two regions could only be based on position on the seed coat and not the 
phenotype. As shown in Figure 3.3, we dissected the saddle region in a conservative manner 
including only the central region to ensure that no yellow tissue was likely to be included. 
Likewise, the yellow tissue was taken far distal from the saddle area. We also used a slightly 
large seed weight range around 100-200 mg.   
 
Quantitative Variation in CHS siRNAs Results in the Chimeric Saddle Pigment Patterns on 
Seed Coats  
Four small RNA libraries from two biological repeats were constructed from the 
pigmented saddle region and the non-pigmented seed coat of the Clark8 isoline which is 
homozygous for the ik saddle pattern allele in the presence of the dominant K1 allele (Cho, MS 
thesis, 2012). Both CHS7 and CHS8 siRNAs were approximately 15-fold higher in the non-
pigmented region than the pigmented regions dissected from 100-200 mg seed (Figure 3.4 A and 
B). The biological repeat data also show expression levels of all CHS siRNAs, especially CHS7 
and CHS8 siRNAs, are much higher in the non-pigmented seed coat than in the pigmented 
saddle.  
We next examined the presence of CHS siRNAs in the pigmented saddle region versus 
the non-pigmented seed coat region in four small RNA libraries from two biological repeats of 
the Clark18a isoline (ii, k1). In this isoline, the recessive k1 mutation extends the pigmented 
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region from the hilum to form a saddle pattern that is similar in phenotype to the Clark8 isoline 
having ik, K1 genotype. Figure 3.4 (C and D) shows that the presence of all CHS siRNAs was 
predominantly limited to the non-pigmented yellow regions as in the case of the Clark8 isoline. 
CHS7 and CHS8 siRNAs were approximately 26-fold higher in the non-pigmented regions in 
both biological repeats. Small RNA blots also show the presence of CHS siRNAs in the yellow 
regions and not in the pigmented regions of the seed coat (Cho, MS thesis, 2012); however, deep 
sequencing is more quantitative, sensitive, and informative.   
From the sequencing data, each sequence that positively aligns to the reference can be 
inspected. Using small RNA-Seq of dissected regions, we demonstrate definitively that these 
patterns are due to the distribution of CHS siRNAs in the sectors destined to be yellow and not in 
the regions destined to be pigmented. Conversely, RNA-Seq showed higher levels of CHS 
mRNAs in the pigmented saddle regions specified by the ik and k1 allele (Cho, MS thesis, 2012). 
Taken together, these data demonstrate that the spatial expression of CHS siRNAs cause the 
saddle pattern phenotype in two Clark isolines. 
 
Genetic Marker and RNA Sequencing Found Eight Candidate Genes for the K1 locus 
 Clark18a, a saddle pattern mutant (ii, k1), was investigated to understand how the k1 
allele affects the spatial expression of CHS siRNAs. The genetic map at Soybase indicates that 
the K1 locus is located on chromosome 11 (Appendix H). We then located the sequences for the 
two markers most closely linked to the K1 locus to the two soybean reference genomes (Figure 
3.5). There is an inconsistency between the two versions of the reference. Two genetic markers 
are located on chromosome 11: Satt519  (Gm11: 13,984,459-13,984,515) and BARC-040309-
07711  (Gm11:15,576,898) in the first version of the reference (Wm82.a1). However, Satt519 is 
located on scaffold21 in the second version (Wm82.a2) while the BARC-040309-07711  is 
located at position Gm11:25,085,355. A scaffold is a byproduct of the assembly of soybean 
reference consists of short sequencing reads. Most assembly programs usually leave a small 
regions of assembled short reads as a scaffold when the program cannot find the right placement 
for it. We mainly used the second version of reference (Wm82.a2), but we also looked at the first 
version in all analyses as a cross check. 
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 To find the K1 locus, we analyzed transcriptome data in the two saddle pattern Clark 
isolines, Clark18a (ii, k1) and Clark8 (ik, K1). We analyzed 12 mRNA libraries containing three 
biological repeats and each library generated 40 to 97 million reads (Table 3.1). Figure 3.6 
illustrates the strategy for analysis of transcriptome data to find candidate genes for the K1 locus. 
We assayed mRNA from the pigmented and non-pigmented regions separately (dissection 
method described in Figure 3.3). Then, we compared the transcriptome data of the pigmented 
region of Clark8 to the pigmented region of Clark18a and likewise the non-pigmented regions 
were compared between the two varieties. The Cufflink package (Trapnell et al., 2012) was used 
for comparison of transcriptome data, then significantly differentially expressed genes in both 
regions were screened by R package using a code written by us (described in Appendix O). 
 We found eight candidate genes were significantly differentially expressed in both 
regions and also located on chromosome 11 (Table 3.2). We noticed that Glyma.11G190900 
(Gm11:26,360,829-26,367,815) is the closest gene to one of the genetic markers linked to the K1 
locus in Wm82.a2 reference (Gm11:25,085,355 in Figure 3.5). We searched for this gene model 
in the other version of the soybean reference (Wm82.a1). This gene corresponds to 
Glyma11g19650 (Gm11:16394576-16400897) in the Wm82.a1.v1.1 and is 800 kb far from the 
position of BARC-040309-07711  (Gm11:15,576,898) in Wm82.a1. Glyma.11G190900 was the 
strongest candidate gene since other candidates are located too far from the genetic map markers. 
However, since the location of genetic map markers is only an approximation, we investigated 
all eight candidate genes. We searched structural variants including insertion, deletion, and SNPs 
around the position of all eight candidate genes by comparing resequencing data (Table 3.3) 
between the non-pigmented progenitor Clark (ii, K1) and its saddle mutant Clark18a (ii, k1). 
 
Resequencing Reveals a Small Deletion in Glyma.11G190900 in the Saddle Mutant Having 
the Recessive k1 Allele 
 Glyma.11G190900 was the only gene that shows a structural variant in the saddle mutant 
among eight candidate genes. Figure 3.7A illustrates that a small deletion was found on the 
region of Glyma.11G190900 in the saddle mutant (k1) while its progenitor (K1) does not have 
this structural variant. The depth of alignments dropped around the exon 7 region which size is 
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about 100 bp in length. Bowtie2 allows gaps and partial read alignments at the insertion/deletion 
breakpoint and thus, can indicate the insertion/deletion breakpoint. The only partial reads aligned 
to the reference, which has the K1 allele, shows the insertions, suggesting structural variants. 
There are two inserted sequences: 5’-CTTTGGTATCT-3’ and 5’-TTGCCTGTT-3’ at the end of 
alignments (Figure 3.7B). The first is inserted at Gm11:26,365,578 around the 3’ end of intron 6 
of Glyma.11G190900. The other is inserted at Gm11:26,365,450 on exon 7 of the gene. The 
chimeric sequence can be read by combining two inserted sequence and sequences of flanking 
region of insertion: 5’-CTTTGGTATCTTTTTGCCTGTT-3’. Based on the resequencing data 
showing the chimeric sequence, we project the deletion drops the 129 bp region between 
Gm11:26,365,450 and Gm11:26,365,578. This deletion on Glyma11G190900 is not observed in 
the resequencing data of 12 soybean varieties carrying the dominant K1 allele (Appendix I).   
 To confirm the deletion shown by resequencing data, we performed PCR amplifying the 
fragment across the deleted region. Figure 3.8A shows the result of PCR in eight soybean 
varieties. Seven soybean lines carrying the dominant K1 allele produced a band approximately 
500 bp in length, while the saddle mutant, Clark18a (ii, k1), amplified a 400 bp fragment. We 
collected the 400 bp band of Clark18a to analyze the sequence by Sanger sequencing. The result 
of Sanger sequencing showed a chimeric sequence, 5’-CTTTGGNATCTTTTTTGCCTG-3 
(Figure 3.8B) which was the same chimeric sequence observed in the resequencing data (Figure 
3.7). This chimeric sequence points out that the 129 bp deletion occurs in a T-rich region and 
removes the AG at the end of intron 6 and all but 10 bases of the 139 bases of Exon 7 of 
Glyma.11G190900. 
 
The 129 bp Deletion Results in Loss of the Entire 139 bp Exon 7 in the k Allele Transcript 
by Alternative Splicing  
 We hypothesized that the deletion on Glyma.11G190900 in the recessive k1 allele saddle 
mutant (Clark18a) affects transcription and translation of Glyma.11G190900. To address this 
question, we investigated the expression of Glyma.11G190900 in more detail. Figure 3.9 graphs 
the relative expression Glyma.11G190900 in both the pigmented and non-pigmented sectors in 
the K1 versus the k1 genotypes of the Clark isolines. There is some expression of the 
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Glyma.11G190900 transcript in both sectors of the seed coat, ranging from an observed 2-fold 
reduction in the pigmented saddle region (10 FPKM to 5 FPKM) to a 6.4 fold difference in the 
distal yellow sectors (20 FRPK to 3 FPKM). Thus, the deletion in the recessive k1 saddle mutant 
reduces the expression of Glyma.11G190900 rather than abolishing it entirely.  
We analyzed RNA-seq data to understand which part of the gene is transcribed in the 
presence of the deletion. We found that the 129 bp genomic deletion appeared to abolish the 
entire 139 bases of exon 7 from the mRNA transcript even though a partial region of the exon 7 
(10 bp) remains in the genome (Figure 3.10). This was demonstrated by the absence of 
alignments to the entire exon 7 of Glyma.11G190900 in the recessive k1 saddle mutant 
(Clark18a). Since the genomic deletion removes the AG of the 3’ splicing signal immediately 
prior to exon 7 (Figure 3.8B), we propose that the loss of the 3’ splice site causes the intron 
splicing machinery to skip to the next 3’ splicing signal immediately prior to exon 8, thus 
eliminating the entire exon 7 from the final cytoplasmic transcript.     
To test that all of exon 7 is removed by splicing, we modified the transcript sequence of 
Glyma.11G190900 by omitting the full 139 bp of exon 7 to use as a reference for the RNA Seq 
alignments. We used very stringent conditions not allowing any mismatch with the Bowtie1 
program which does not allow any gaps, even a single base deletion or insertion in the 
alignments. As shown in the Figure 3.11A, the gap in alignments is found in the alignments 
against the original transcript and not in the modified transcript. Figure 3.11B shows that the 
chimeric transcripts found in RNA-seq data of the k1 saddle mutant (Clark18a) cleanly fuse exon 
6 to exon 8 thus confirming that the 129 bp genomic deletion leads to skipping of the entire 139 
bp of exon 7.  
 
The Deletion Induces the Early Termination of AGO5 Protein  
 Glyma.11G190900 encodes an AGO5 protein, one of the argonaute (AGO) family. AGO 
has a critical role in the biogenesis of small RNAs (sRNA) due to its ability to bind to nucleic 
acids (Chapman and Carrington, 2007). The AGO complex recruits single stranded RNA after 
DCL cleaves double stranded RNA and guides it to the target transcript leading to the inhibition. 
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AGO5 recruits sRNAs specifically with a 5’ cap which are derived from intergenic sequences 
(Mi et al., 2008). In Arabidopsis research, a protein complex (MEL1-AGO5c) is associated with 
21-nt phased siRNAs, which are mostly generated from intergenic regions (Komiya et al., 2014). 
Possibly, AGO5 (Glyma.11G190900) has a crucial role to regulate the spatial expression of CHS 
siRNAs causing the saddle pattern phenotype in the recessive k1 allele saddle mutant (Clark18a). 
Thus, we investigated the translation of AGO5 which has a 129 bp deletion in the recessive k1 
allele saddle mutant and is missing the entire 139 bp of exon 7.  
Figure 3.12 illustrates coding sequence (CDS) and amino acid sequence of AGO5 
(Glyma.11G190900). CDS is 2,673 bp long and encodes 891 amino acids. We specifically noted 
the PAZ and PIWI domains which are reported to be functional domains for synthesis of sRNAs. 
The PAZ domain (317 to 434 aa) is an interface for binding to nucleic acids. The PIWI domain 
(603 to 877 aa) is an anchoring site of the 5’ RNA guide strand. We examined the amino acid 
sequence based on the coding sequence of AGO5 without the exon 7. The result shows the 
deletion induces early termination of translation, encoding only 389 aa. This amino acid does not 
contain any PIWI domain and has only a partial PAZ domain.  
Genetic marker data, RNA-seq, resequencing, PCR and Sanger sequencing all taken 
together support that the AGO5 gene encoded by Glyma.11G190900 is the K1 locus and the 
recessive k1 saddle mutant has a 129 bp deletion in AGO5 leading to the non-functional AGO5 
that affects spatial biogenesis of CHS siRNAs and possibly other sRNAs.   
 
The Other Saddle Pattern Variety Shows a Different Genomic Structure of the I locus and 
Copy Number of CHS Genes 
 There is another saddle pattern isoline, Clark8, which carries the ik and K1 alleles has 
similar saddle pattern phenotype. It does not show any structural variant or a different expression 
of AGO5, as it has the K1 allele. This infers that the ik allele itself affects the spatial expression 
of CHS siRNAs. We investigated the genomic structure of the I locus region by analyzing 
resequencing data of Clark8. Figure 3.13 illustrates that the ik allele has a very different genomic 
structure from the others. Three ii allele varieties, Clark, Clark18a, and UC7, show very similar 
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patterns of alignments and SNPs at the I locus region. However, the saddle pattern isoline (ik) has 
a lot of SNPs compared to the others. It has much higher alignment depth from the CHS9 to the 
P450 gene while relatively lower alignment depth around the CHS rich region (indicated by red 
and blue lines). 
 Copy number variation (CNV) data of the saddle pattern supports the resequencing result. 
All soybean varieties with the ii allele have around 12 copies of CHS genes as the reference 
variety (Williams 82) shows (Figure 3.14). It was shown that the soybean reference has 12 
copies of CHS genes (Chapter 2 in this thesis). However, the saddle pattern variety (ik) shows a 
lower copy number of CHS genes, about 7 to 8 copies. This supports that resequencing shows a 
low alignment depth on the CHS rich regions. Resequencing and CNV show that the ik allele has 
a different genomic structure for the I locus. We postulate that the genomic region of the I locus 
comes from the donor of saddle trait, Black Eyebrow, since the recurrent parent (UC9) lost the 
130 kb region in the I locus (Figure 3.2). Black Eyebrow is an ancient soybean line from China, 
and appears to have a very different genetic background from modern soybean varieties 
including the reference variety, Williams 82. We think this is a reason why a lot of SNPs are 
observed in the saddle pattern variety, Clark8 (ik). Resequencing is very limited to describe the 
structure of the genome if the target region has highly repetitive regions. We were not able to 
identify how the ik allele affects the pattern expression of CHS siRNAs without further analyses.   
 
DISCUSSION 
A 129 bp Deletion at the AGO5 Gene Leads to Pattern-Specific Biogenesis of CHS siRNAs 
in the ii, k1 Genotype Interaction 
Even more intriguing than the tissue specificity exemplified by the I locus are the pattern-
specific alleles that result in chimeric regions of yellow and pigmented tissue on the same seed 
coats. Here, we asked whether the phenotype was mediated also by the distribution of CHS 
siRNAs within the chimeric regions of the seed coat. Using small RNA-Seq of dissected regions, 
we demonstrate definitively that these patterns are due to the distribution of CHS siRNAs in the 
sectors destined to be yellow and not in the regions destined to be pigmented.  
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The k1 mutant allele extends the pigmented region of the ii allele to form a saddle pattern 
that mimics the phenotype of the ik allele. We revealed the K1 locus is the Glyma.11G190900 
encoding the AGO5 protein. It was also discovered that the k1 mutant allele has a 129 bp 
deletion affecting the transcription and translation. The whole exon 7 of the AGO5 gene is not 
transcribed likely due to the change in the 3’ splicing junction affected by the deletion. The 
alteration of the transcript leads to the early termination of the translation of AGO5 protein, 
causing it to lose critical domains for binding nucleic acids. Thus, AGO5 appears to be a non-
functional protein. We conclude that the K1 locus acts to modify the biogenesis or function of 
the CHS siRNAs produced at the CHS1-3-4 clusters of the I locus via AGO5 (summarized in 
Figure 3.15). 
 
How Could a Deficit of AGO5 Affect Spatial Biogenesis of CHS siRNAs? 
A complete lack of AGO family proteins would be expected to have highly detrimental 
effects since the sRNA pathway is critical to many cellular functions through the action of 
miRNAs that often regulate transcription factors, as well as siRNAs that are involved in 
methylation. Glyma.11G190900 is one of at least 19 different gene models annotated as 
Argonaute proteins in the soybean genome. There are other copies of AGO5 gene including 
Glyma.12G083500 which has 90% similarity to Glyma.11G190900 that encodes the K1 locus. 
Glyma.12G083500 was also expressed in seed coats, though not as highly as Glyma.11G190900. 
The other AGO gene family members could partially compensate for the loss of function of one 
of the AGO5 proteins.  
As shown in Chapter 1, the levels of CHS siRNAs were very different in the pigmented 
and non-pigmented regions implying that the biogenesis of the CHS siRNAs is affected or that 
the CHS siRNAs are degraded rapidly if not they are not bound appropriately by high enough 
levels of the AGO protein complex. On the other hand, the reduced levels of AGO5 could lead to 
altered efficiency of particular miRNAs to downregulate their targets. One of these targets might 
be a transcription factor affecting a suite of genes or other miRNAs that regulate spatial 
patterning in the seed coats. In Arabidopsis root for example, a transcription factor complex, 
which generates the precursor of miR166, defines cell fate of root (Carlsbecker et al., 2010). 
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The AGOs have been grouped into three major phylogenetic clades (Fang and Qi, 2016) 
based on nomenclature for the 10 AGO genes in Arabidopsis: AGO1/5/10, AGO2/3/7, and 
AGO4/6/8/9. AGO5 belongs to the same group as the founding Argonaute member AGO1, 
whose function is to load miRNAs and tasiRNAs. These sRNAs are involved in many 
developmental processes. Sorting of sRNAs into Argonaute complexes is directed by the 5’ 
terminal nucleotide of the sRNA with different AGOs having preferences for different 5’ 
nucleotides. Although in the same group as AGO1, AGO5 has been shown to preferentially 
recruit sequences with a 5’ C nucleotide and which are derived from intergenic sequences (Mi et 
al., 2008). A protein complex MEL1/AGO5c is associated with 21-nt phased siRNAs, which are 
mostly generated from intergenic regions in Arabidopsis (Komiya et al., 2014). We have not 
observed any sRNAs mapping to the intergenic regions represented at low levels in the RNA-Seq 
data (as shown in Chapter 2).  
It is hard to explain that the sharp boundary of pigmentation indicating the presence of 
CHS siRNAs. How is sRNA expression so sharply regulated in a same seed coat tissue? Recent 
reports have shown that sRNAs are capable of moving (Myyashima et al., 2011; Molnar et al., 
2010). Strikingly, the mobility of sRNAs which mediates the tasiRNA gradient causes sharp 
developmental patterns in Arabidopsis leaves (Chitwood et al., 2009). A computational model 
study supported the idea that mobile sRNAs cause sharp boundaries in RNA expression regions 
(Levine et al., 2007). We are currently looking for any miRNAs or siRNAs that show significant 
differential expression between the K1 and k1 isolines. This would give us an insight to the 
molecular mechanism of two regulatory systems represented by the two loci, I and K1.   
 
Epistatic Interaction between Two Loci Representing Two Regulatory Systems  
Dominance of the alleles of the I locus was well explained by the expression of CHS 
siRNAs (Tuteja et al., 2009). In the heterozygous variety (ii/i) the phenotype of the ii allele is 
expressed since the presence of the ii allele can overcome the recessive i allele to generate CHS 
siRNAs. The I locus is one of the examples showing how sRNAs determine the dominance of 
alleles by their transacting influence on gene expression. We think understanding a relationship 
between the I and K1 loci, producing the saddle pattern phenotype of soybean seed, can shed 
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light on the molecular mechanism of epistatic interaction through sRNAs. The saddle pattern 
phenotype determined by the I and K1 loci implies an epistatic interaction between these two 
loci. Various molecular mechanisms of epistatic interactions have been discovered in various 
organisms (reviewed by Lehner, 2011). However, few reports demonstrated that sRNA is 
involved in the interaction between two genes. If current work on the soybean system finds any 
miRNA or siRNAs expressed differentially, implying they are affected by the deficit of AGO5, 
sRNA is likely to be a bridge to connect two regulatory systems.  
 
 The Genomic Structure of the ik Allele is Still Unknown 
Another saddle pattern isoline carrying the ik and K1 alleles showed a lot of SNPs and a 
different pattern of alignment, suggesting it has a very different genomic structure of the I locus 
from the reference varieties, an argument supported by the CNV data. It was not capable of 
presenting the structure of the ik allele since resequencing often fails to inform the structure of 
the repetitive regions. For example, resequencing cannot distinguish a structure of tandem repeat 
when the reference has an inverted repeat if the size of repeat is longer than the length of reads. 
Assembling short reads is not an option to overcome this difficult. Possibly, third generation 
sequencing techniques producing longer reads, such as the Single Molecule Real Time (SMRT) 
sequencing of Pacific Biosciences, can be used to assemble and show the structure of repetitive 
regions (Huddleston et al., 2014; Chaisson et al., 2015). The best guess for the structure of the ik 
allele is that it lacks up to several of the CHS genes in the I cluster region of the inverted repeat. 
In petunia, tandem arrangements of CHS genes have been shown to cause the pattern expression 
of CHS siRNAs leading to the naturally occurring chimeric patterns in petunia (Morita et al., 
2012). Further study of this system should provide more insight into the mechanisms of pattern 
formation regulated by sRNAs and more broadly, epistatic interaction of loci involved in 
pigmentation using the seed coat as a model.  
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METHODS 
Plant Materials and Tissue Collection 
The soybean lines used in this study are inbred and homozygous for the indicated loci. 
All were lines developed by soybean breeders during the 1960’s and 1970’s and are available 
from the USDA germplasm collection through GRIN (Germplasm Resources Information 
Network). The saddle pattern isolines are in the background of the cultivar Clark (ii, K1), 
maturity group IV, and have internal lab numbers of Clark8 and Clark18a. Clark8 (PI 547450, 
L70-4204) has the saddle pattern with genotype ik, K1 and results from repetitive backcrossing 
and selection of the ik allele from Black Eyebrow into Clark. Clark18a (PI 547439, L67-3479) 
has the saddle pattern specified by interaction of the ii allele and the k1 mutation originally found 
in Clark. The PI number is an accession number by which information on the cultivar is 
searchable in the GRIN database. Soybean plants were grown in the greenhouse and immature 
seeds were harvested over the course of several weeks. Tissues were dissected and frozen in 
liquid nitrogen, freeze dried, and stored at -20 °C. 
 
RNA and Small RNA Isolation  
Total RNA was isolated by standard methods using phenol and chloroform extractions 
(Wang and Vodkin, 1994) and precipitated with ethanol, but without lithium chloride in order to 
preserve sRNAs. For mRNA isolation, the sample was further purified by lithium chloride 
precipitation. In the case of the seed coats with pigments, the pigmented regions contain 
proanthocyanidins that bind to the RNA in the regions of the seed coat that will eventually 
contain the anthocyanin pigments (Todd and Vodkin, 1993). The modified RNA isolation 
method that was designed specifically to overcome this problem uses hydrated 
polyvinylpolypyrrolidone (PVPP), polyproline, and bovine serum albumin as competitors for the 
proanthocyanidin compounds in order to extract high quality RNA (Wang and Vodkin, 1994).  
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Small RNA Sequencing and Data Analysis 
Small RNA libraries and high throughput sequencing were performed with the Genome 
Analyzer-II and HiSeq-2000 (Illumina, San Diego, CA) by the Keck Center (University of 
Illinois, Urbana, IL) using standard Illumina protocols. Some of the sequences were barcoded for 
sequencing within a single lane. Generally, a total of ten to eighty million reads were obtained 
from these deep sequencing libraries. Adapter trimming was performed using Illumina’s Flicker 
pipeline which finds the presence of the adapter in each read by finding the best alignment of the 
adapter to the read, and removing it from the read. The sizes of the small RNAs after adapter 
trimming ranged from 14 to 33 nucleotides with the majority in the range of 18 to 25 nucleotides. 
Adapter trimmed sequences were compared to obtain the number and occurrences of unique 
sequences. Alignments of siRNA sequences to CHS Glyma models (Phytozome, Joint Genome 
Institutes) from the Williams 82 reference genome of Glycine max (Schmutz et al., 2010) and 
from sequenced BACs including BAC77G7a, accession EF623858, containing the I locus 
clusters (Tuteja and Vodkin, 2008; Clough et al., 2004) were performed using the Bowtie 
program (Langmead et al., 2009). Alignments were made to individual CHS sequences with no 
mismatches allowed. Small RNA sequencing data was normalized in reads per million (RPM).  
 
Messenger RNA Sequencing Data Analysis  
Transcriptome library construction and high throughput sequencing (RNA-Seq) were 
performed with the HiSeq-2000 (Illumina, San Diego, CA) by the Keck Center (University of 
Illinois, Urbana, IL). Quality check for sequencing data was done by FastQC (Andrews, 2010). 
Alignments of mRNA sequences against the modified Wm82.a2 were performed by two ways 
for different purposes. To compare differential expressions between two samples, Cufflink 
package was used (Trapnell et al., 2012). To analyze the expression level of each position of 
gene model, we used Bowtie1 (Langmead et al., 2009). Alignments were made with no 
mismatches allowed by the command (-v 0). We used commands (-best --strata -M 1) that 
choose one among multiple valid alignments, which had a 100% match, and randomly distribute 
it (Treangen and Salzberg 2012). Output files in SAM format were converted to the BAM format 
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and sorted by the Samtools program (Li et al., 2009). The Integrative Genomic Viewer (IGV) 
was used to convert from BAM to TDF format and visualize normalized [count at base ൈ one 
million / total number of reads] data (Robinson et al., 2011). 
 
DNA Isolation and PCR Amplifications 
Soybean genomic DNA was isolated by using the method of Dellaporta et al. (1983) with 
minor modifications. The modifications are described in Todd and Vodkin (1996). PCR 
experiments were performed in a 50-µL reaction mixture containing 1 µg of genomic DNA in 5 
µL of PCR buffer, 2.5mM Mg2+, 0.4 mM deoxynucleotide triphosphate, 2.5 units of Takara EX 
Taq polymerase, and 0.2 µM forward and reverse primers. PCR reactions were conducted in a 
PTC-200 programmable thermocycler (MJ Research, Watertown, MA) via an initial denaturation 
step at 94 °C for 1 min followed by 30 cycles of denaturing at 94 °C for 10 sec, annealing at 55 
°C for 1 min, and elongation at 72 °C for 1 min, to end with a 2-min extension at 72 °C. The 
amplified reactions were separated on a 0.7% agarose gel and bands stained via Gel Green™ 
(Biotium). 
 
Whole Genome Resequencing and Data Analysis 
Whole genome sequencing library construction and high throughput sequencing were 
performed by the Keck Center (University of Illinois, Urbana, IL). The libraries were prepared 
with Illumina's TruSeq DNAseq Sample Prep kit. The libraries were quantitated by qPCR and 
sequenced on one lane for 100 cycles from each end of the fragments on a HiSeq 2000 (Illumina, 
San Diego, CA) using a TruSeq SBS sequencing kit version 3 and analyzed with Casava1.8 
(pipeline 1.9). The average size of the DNA fragments was around 500 nt; insert size is 300 nt. 
Quality check for sequencing data was done by FastQC (Andrews, 2010). Alignments were 
performed by using Bowtie2 (Langmead et al., 2012). Genome (fasta) and annotation files are 
modified (shown in Chapter 2). We used default alignment and reporting options. Bowtie2 
output files, in SAM format, were converted to the BAM format and sorted by Samtools (Li et 
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al., 2009). The Integrative Genomic Viewer (IGV) was used to convert from BAM to TDF 
format and visualize normalized [count at base ൈ one million / total number of reads] data 
(Robinson et al., 2011). To call SNPs, we used the Samtools command (mpileup -uf) and 
converted BCF to VCF format to visualize in IGV. 
 
Digital PCR and Analysis of Copy Number Variation of CHS 
         Customized Taqman primers and one reporter were prepared from Applied Biosystems 
(Waltham, MA). We prepared two sets of primers; one for CHS (target), another for Lectin 
(reference) which has only one copy in soybean genome (Vodkin et al., 1983). The target gene is 
labeled by FAM and the reference gene is labeled by VIC dye. DNA samples were fragmented to 
3 kb lengths by M220 Focused-ultrasonicator™ (Covaris, Woburn, MA). Digital PCR was 
performed with Fluidigm BioMark™ (Fluidigm, South San Francisco, CA) by the Keck Center 
(University of Illinois, Urbana, IL) following Fluidigm protocol. Results are analyzed by 
Fluidigm Digital PCR Analysis software (Fluidigm, South San Francisco, CA). The software 
performs a statistical analysis to find the 95% confidence intervals of the true concentrations and 
the ratio of two concentrations (Dube et al., 2008). Three to four biological replicates are used 
for each variety. 
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FIGURES AND TABLES 
 
Figure 3.1. Pattern alleles exhibited by the interaction of the I and K1 loci in soybean. Adapted 
from Cho (MS thesis, 2012). 
Cultivars or isolines are homozygous for the indicated alleles and, for brevity, only one of the 
alleles is indicated in the genotypes. Dominance relations of I alleles are in the order I >ii>ik>i, 
and the dominant I and ii alleles are found in most commercially used cultivars. The seed on the 
left also are homozygous for the commonly found dominant K1 allele, while those seed in the 
right column are homozygous for the rare and recessive k1 mutation. The saddle pattern isolines 
used in this study (red arrow) are in the genetic background of the cultivar Clark and are referred 
to as Clark8 (PI 547450, ik, K1) and Clark18a (PI 547439, ii, k1). For brevity, they may also be 
referred to as C8 or C18a.    
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Figure 3.2. The pedigree of varieties that show the saddle pattern phenotype.  
The saddle variety having the recessive k1 allele, Clark18a, is a mutant of Clark which has the 
dominant K1 allele with ii. Another variety showing the saddle pattern phenotype, Clark8, is an 
isoline resulting form six generations of backcrossing the ik allele into the pigmented Clark UC9 
isoline which carries the recessive i allele. The i allele of Clark UC9 is now known to have a 130 
kb deletion at the I locus as shown in Chapter 2 of this thesis. The seed insets represent the 
phenotype.   
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Figure 3.3. An illustration of the dissection of immature green seed coats to obtain chimeric 
sections from seed with the saddle pattern phenotypes. Modified from Cho (MS thesis, 2012). 
Since the immature green seed do not show the phenotype, the dissections were conducted in a 
conservative manner to take regions that would definitely have the phenotype at maturity.  
Top: Actual dissected regions from the immature green seed coats of 100-200 mg seeds.  
Bottom: An illustration of the regions dissected from seed coats shown on the phenotype of the 
mature seed. 
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Figure 3.4. Distribution of CHS siRNAs within sectored regions of seed coats for the saddle 
pattern varieties. Modified from (Cho, MS thesis, 2012) 
Small RNA libraries were constructed from seed coats dissected from immature green seed of 
two biological repeats of a Clark8 (A and B) for the ik and K1 alleles and Clark18a (C and D) 
homozygous for the k1 mutation that produces a saddle pattern in combination with the ii allele. 
The schematic of the mature seed indicates the sections of the pigmented (Black) saddle and the 
non-pigmented (Yellow) seed coat regions from which small RNA libraries were constructed. 
The number of total small RNA reads in millions (M) derived from each of the tissue sections is 
indicated below the arrows for each of the two biological repeats. Seed coats were dissected and 
collected when seed weight was 100-200mg as shown in Figure 3.3.  
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Figure 3.5. Two versions of the soybean reference genome show an inconsistency in the location 
of genetic markers linked to the K1 locus. The sequences of the markers were derived from the 
genetic map at SoyBase at http://soybase.org/sbt/ as shown in Appendix H and then used to 
position the markers on the reference genomes.   
A. Genetic marker location in the first version of the soybean reference genome (Wm82.a1).  
B. One of the markers (Satt519) is found on scaffold 21 while the other marker (BARC-040309-
07711) is located on chromosome 11 in the second version, possibly due to an error in assembly. 
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Table 3.1. Summary of RNA-seq libraries of Clark8 and Clark18a indicates PI and genotype and 
the total number of reads. Three biological repeats were grown at different times. Seed coats 
were dissected and collected when seed weight was 100-200mg as shown in Figure 3.3. Two of 
the biological repeats are the same RNA samples as used for the small RNA sequencing shown 
in Figure 3.4.  
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Figure 3.6. The strategy for analysis of RNA-seq data from Clark8 (K1) and Clark18a (k1).   
To find candidate genes for the K1 locus, gene expression between the pigmented saddle region 
of Clark8 (K1) and Clark18a (k1) varieties were compared directly and likewise for the non-
pigmented distal regions. Genes showing a significant difference in expression in both 
pigmented and non-pigmented regions between the two varieties were found via an R script 
screening the result of the Cufflink package (protocol described in Appendix O).   
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Table 3.2. Eight candidate genes for the K1 locus were found from the analysis of the Cufflink 
package with the strategy shown in Figure 3.6. These genes are located on chromosome 11 and 
expressed significantly differently in both regions between the dominant K1 and recessive k1 
alleles although only the data for the non-pigmented yellow region is shown in this table.  
First column is a glyma model number of Wm82.a2.v1. Second column represents a position of 
the gene model. Third and fourth columns are level of gene expression normalized by FPKM 
(Fragments Per Kilobase of transcript per Million mapped reads). Significance (eighth column) 
is determined based on q-value (seventh cloumn), the FDR-adjusted p-value.   
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Table 3.3. Summary of whole genome sequencing libraries indicates PI number, genotype, total 
number of reads and coverage depth [( length of each read multiplied by total number of aligned 
reads) / length of soybean reference genome (980 Mbp)]. *These data also used in Chapter 2. 
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Figure 3.7. Glyma.11G190900 is the only gene that has a structural variant or SNPs among 8 
candidate genes shown in Table 3.2. Graph represents normalized count of alignment in 0.25 
scale [count at base ൈ 1,000,000 / total number of reads]. 
A. The gene has a deletion, approxinately 100 bp in length, in the recessive k1 mutant but not in 
the dominant K1 allele of yellow seed. The deletion in the recessive k1 mutant includes the 
partial region of exon 7 (5’ UTR is not considered as an exon) of Glyma.11G190900. 
B. A magnified view of the deleted region starts at the 3’ end of the intron (Gm11:26,365,578) 
and ends at exon 7 (Gm11:26,365,450). Red arrows indicate small insertions were found in SNP 
calling analysis from resequencing data. These insertions reveal chimeric sequences caused by 
the deletion. Based on the inserted sequences, a chimeric sequence is 5’-
CTTTGGTATCTTTTTTGCCTG-3’which is not present in the reference and dominant K1 allele. 
94 
 
 
 
Figure 3.8. PCR and Sanger sequencing validates in the recessive k1 allele (Clark18a) shows a 
129 bp deletion.  
A. All varieties carrying the dominant K1 allele show a band of approximately 500 bp in length, 
while the recessive k1 allele shows 400 bp. (W82:Williams 82, W:Williams, UC2:Clark, C8: 
Clark8, C18a: Clark18a) 
B. The result of Sanger sequencing validates the chimeric sequence, 5’-
CTTTGGTATCTTTTTTGCCTG-3’, shown in the resequencing data (Figure 3.7). 
Top: The sequence around the deletion from the reference which variety has the dominant K1 
allele. The deletion removes the AG (red) of the 3’ splice site preceding exon 7 and most of exon 
7 (129 bases total).  
Bottom: The result of Sanger sequencing from the gel-purified 400 bp fragment from the k1 
genotypes (Clark18a) in Figure 3.8A. N, unknown base due to low quality Sanger sequence. 
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Figure 3.9. The RNA expression of Glyma.11G190900 is not completely abolished, but reduced 
in the recessive k1 saddle mutant. 
The result of RNA expression of Glyma.11G190900 was analyzed and compared by the Cufflink 
package as described in Figure 3.5 and shown in Table 3.2. The expression level of the recessive 
k1 saddle mutant was signigicantly lower in both non-pigmented (approximately 30 compared to 
3 FPKM) and pigmented regions (10 versus 5 FPKM) . However, the recessive k1 saddle mutant 
still showed some expression of the gene. The deletion reduced the epxression rather than 
terminate it entirely. (FPKM: Fragments Per Kilobase of transcript per Million mapped reads) 
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Figure 3.10. Position graph of RNA-Seq alignmnets indicates that the entire exon 7 is missing 
from the recessive k1 saddle mutant (Clark18a). 
RNA-Seq from the K1 or k1 Clark isolines was aligned against the Glyma.11G190900 transcript 
from the reference genome (Williams, K1 genotype) using Bowtie1 which does not allow gaps, 
even a single base insertion or deletion. No alignments were found in the entire entire exon 7 
region (red box) in the recessive k1 saddle mutant, while the dominant K1 saddle variety has 
intact gene expression. The arrow marks the position of exon 7. (x axis: position on the transcript, 
y axis: non-normalized count of the number of times each base occurs within alignment reads).   
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Figure 3.11. Confirmation that the entire exon 7 is missing from the recessive k1 allele of the 
Clark18a isoline.  
A. Position graph of RNA-Seq alignments of Clark18a (k1) against the full 3514bp transcript of 
Glyma.11G190900 (AGO5) from the reference genome (Williams, K1 genotype) or to a 
modified 3375 bp transcript that lacks the entire 139 bp of exon 7. Bowtie1 which does not allow 
any insertions or deletion was used with 0 mismatches allowed. The red arrow marks the position 
of exon 7 or the fusion position of exon 6 to exon 8. (x axis: position on the transcript, y axis: 
non-normalized count of the number of times each base occurs within alignment reads) 
 
B. Chimeric transcripts validate that exon 7 is spliced out in the recessive k1 saddle mutant. 
Top: The sequence of the flanking region of exon 7 in the transcript of Glyma.11G190900.  
Bottom: Chimeric transcripts that were found in the RNA-seq as shown in the alignments in 
panel A to the modified transcript missing exon 7. 
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Figure 3.12. The deletion in the recessive k1 saddle mutant leads to alternative splicing that 
removes exon 7 in transcripts inducing the early termination of the translation of AGO5 protein 
(Glyma.11G190900).  
The coding sequence of the AGO5 gene is 2,673 bp long (A) and encodes 891 aa (B). It contains 
PAZ and PIWI domains which are critical for binding to nucleic acids. In the recessive k1 saddle 
mutant (Clark18a) showing a 129 bp deletion in genomic DNA, the length of the transcript is 
shortened to 2,534 bp since the exon 7 (139 bp) is spliced out (C). This shortened coding 
sequence induces the early termination of translation, truncating the PAZ domain and 
eliminating the entire PIWI domain, probably causing a non-funtional AGO5 (D).
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Figure 3.13. Resequencing data shows the saddle pattern isoline (ik) has a very different structure from other varieties (ii ) at the I 
locus.  
Two types of data are shown for each isoline: Top: normalized counts of alignments in 0.25 scale [counts at base ൈ one million / 
total number of reads ], Bottom: SNPs and small INDELs are indicated by vertical red bars).  
It was observed that there are a lot of SNPs in the ik allele implying a very different structure of the I locus compared to other 
isolines each having the ii allele similar to that of the reference genome (Williams 82). The depths of alignment in the saddle pattern 
isoline (ik) are very low in the repetitive regions (represented by blue or red lines) compared to those regions in the other isolines. 
(UC2:Clark, C18a: Clark18a, C8: Clark8).
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Figure 3.14. Copy number variation data support that the ik allele has a different genome 
structure of the I locus region. All ii allele varieties have around 12 copies of the CHS genes 
including the reference variety (Williams 82), which shows 12 copies of CHS genes in the 
genome (as shown in Chapter 2). However, the ik allele has only 7 to 8 copies. (UC2: Clark, W: 
Williams, W82: Williams82, C8: Clark8, C18a: Clark18a). Box plots represent 75% of the 
sample with the dark line at the median copy number and the light lines denoting the highest and 
lowest copy numbers in the sample. The dot in Clark18a represents an outlier. 
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Figure 3.15. Illustration of the molecular interaction of two loci determining the spatial 
expression of CHS siRNAs leading to the saddle pattern phenotype.  
In summary, the dominant K1 allele has an intact genome structure of the AGO5 gene while the 
recessive k1 allele has a 129 bp deletion leading to non-functional AGO5 protein and reducing 
CHS siRNA expression in this black saddle region. Interestingly, the other saddle pattern variety 
that has the ik allele has an intact genome on this AGO5 gene and its expression. The ik allele 
affects the expression of CHS siRNAs via a different way, probably from the structure of the I 
locus. The resequencing and CNV data suggest that the structure of the ik allele is different from 
the reference.  
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APPENDIX A 
THE TOTAL COUNTS OF CHS SIRNAS FOR EACH CHS GENE REVEAL BIOGENESIS 
OF CHS7/8 SIRNAS IS DRAMATICALLY INCREASED DURING SEED COAT 
DEVELOPMENT IN BIOLOGICAL REPEATS OF EIGHT STAGES 
 
 
 
CHS siRNAs from small RNA libraries of ten developmental stages of the cultivar Williams ii 
were filtered to identify those with 100% identity to individual CHS genes as indicated by the 
color chart. Numbers above the bar indicate the total counts of CHS4 (red) and CHS7 (blue) 
siRNAs. Developmental stages are whole seed from (a) 4 DAF (Days After Flowering); (b) 12-
14 DAF; and (c) 22-24 DAF; seed coats dissected from immature green seed of fresh weight (d) 
5-6 mg; (e) 10-25 mg, no repeat data; (f) 25-50 mg, no repeat data; (g) 50-75 mg; (h) 75-100mg; 
(i) 200-300 mg; and seed coats from (j) 300-400 mg yellow, desiccating seed. 
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APPENDIX B 
SIZE DISTRIBUTIONS OF CHS SIRNAS IN BIOLOGICAL REPEATS OF EIGHT STAGES 
OF SEED DEVELOPMENT 
  
CHS siRNAs from small RNA libraries of the same eight developmental stages as described in 
Supplemental Figure 1 were analyzed for their size distributions between 18 and 25 nt. The 
normalized total counts in reads per million (RPM) are shown for each CHS gene according to 
the color chart. 
 
  
104 
 
APPENDIX C 
NORMALIZED TOTAL COUNTS OF CHS SIRNAS THAT MATCH EITHER CHS4 OR 
CHS7 WITH 100% IDENTITY IN BIOLOGICAL REPEATS OF EIGHT STAGES OF SEED 
COAT DEVELOPMENT
 
The 21-nt secondary CHS7 siRNAs are amplified to high levels relative to the CHS4 21-nt or 22-
nt siRNAs. Developmental stages are indicated. 
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APPENDIX D  
ALIGNMENT RESULTS OF CHS4 AND CHS7 GENES BY BLAST SHOW THAT THE 
POLYMORPHISMS BETWEEN THE TWO GENES ARE WIDELY DISPERSED 
THROUGHOUT THE SEQUENCE 
The longest contiguous sequences, which align to both genes without mismatch, are only 20 nt. 
These characteristics of CHS gene family lead to distinguish primary CHS4 and secondary CHS7 
siRNAs. 21- or 22-nt primary and secondary CHS siRNAs can be distinguished by filtering their 
sequence without mismatch. Any mismatch is not allowed to analyze CHS siRNAs because we 
want to distinguish them through their origin mRNAs, not to determine their targets where they 
can bind. We clearly understand that primary CHS4 siRNAs still can bind to CHS7 mRNAs with 
single or multiple mismatch in nature.  
 
 
Query  200   GATGGTGAGTGTTGAAGAGATTCGTAAGGCGCAACGTGCAGAAGGCCCTGCCACTGTCAT  259 
             |||||| || || |  |||||  |  |||| ||| | ||||||||||| || ||  || | 
Sbjct  200   GATGGTTAGCGTAGCTGAGATCAGGCAGGCACAAAGGGCAGAAGGCCCAGCAACCATCCT  259 
 
Query  260   GGCTATTGGCACCGCCACTCCTCCCAACTGCGTGGATCAGAGTACCTATCCTGACTATTA  319 
              || ||||| || || |  || || ||| | || |||||||| ||||||||||| || || 
Sbjct  260   TGCCATTGGAACTGCAAACCCACCAAACCGTGTTGATCAGAGCACCTATCCTGATTACTA  319 
 
Query  320   TTTCCGCATCACCAACAGCGAGCACATGACCGAGCTCAAAGAAAAATTCAAACGCATGTG  379 
              ||| | ||||||||||| || |||||||||||||||||||| |||||  | |||||||| 
Sbjct  320   CTTCAGAATCACCAACAGTGACCACATGACCGAGCTCAAAGAGAAATTTCAGCGCATGTG  379 
 
Query  380   TGATAAGTCGATGATTAAGAAGCGATACATGTACTTAAACGAAGAGATCCTGAAGGAGAA  439 
             ||| ||||| ||||| |||| | |||| |||||| |||||||||||||| |||| ||||| 
Sbjct  380   TGACAAGTCTATGATCAAGACGAGATATATGTACCTAAACGAAGAGATCTTGAAAGAGAA  439 
 
Query  440   TCCCAGTGTTTGTGCATATATGGCACCTTCGTTGGATGCAAGGCAAGACATGGTGGTTAT  499 
             ||| |   | ||||| || ||||||||||| |||||||| |||||||||||||||||  | 
Sbjct  440   TCCAAACATGTGTGCTTACATGGCACCTTCTTTGGATGCTAGGCAAGACATGGTGGTGGT  499 
 
Query  500   GGAGGTACCAAAGTTGGGAAAAGAGGCTGCAACTAAGGCAATCAAGGAATGGGGTCAACC  559 
              |||||||||||| | || ||||||||||||   ||||| || ||||| ||||| || || 
Sbjct  500   AGAGGTACCAAAGCTAGGGAAAGAGGCTGCAGTAAAGGCCATAAAGGAGTGGGGCCAGCC  559 
 
Query  560   CAAGTCCAAGATTACCCATCTCATCTTTTGCACCACTAGTGGTGTCGACATGCCTGGTGC  619 
              ||||| |||||||||||  | ||||| ||||||||||| ||||| |||||||||||||| 
Sbjct  560   AAAGTCAAAGATTACCCACTTGATCTTCTGCACCACTAGCGGTGTGGACATGCCTGGTGC  619 
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APPENDIX D (cont.) 
 
Query  620   TGATTATCAGCTCACTAAACTATTAGGCCTTCGTCCCTCCGTCAAGCGTTACATGATGTA  679 
             |||||| || ||||| |||| ||| |||||||| || |  || ||| | ||||||||||| 
Sbjct  620   TGATTACCAACTCACCAAACAATTGGGCCTTCGCCCTTATGTGAAGAGGTACATGATGTA  679 
 
Query  680   CCAACAAGGCTGCTTTGCCGGTGGCACGGTGCTTCGTTTGGCCAAAGACCTCGCTGAAAA  739 
             ||||||||| |||||||| ||||||||||| |||||||||||||| ||  | ||||| || 
Sbjct  680   CCAACAAGGTTGCTTTGCAGGTGGCACGGTTCTTCGTTTGGCCAAGGATTTGGCTGAGAA  739 
 
Query  740   CAACAAGGGTGCTCGCGTGCTTGTCGTTTGTTCTGAGATCACCGCAGTCACATTCCGCGG  799 
             |||||||||||| || |||||||| || || ||||||||||| |||||||||||||| || 
Sbjct  740   CAACAAGGGTGCACGTGTGCTTGTTGTCTGCTCTGAGATCACTGCAGTCACATTCCGTGG  799 
 
Query  800   CCCAACTGACACCCATCTTGATAGCCTTGTGGGTCAAGCCTTGTTTGGAGATGGTGCAGC  859 
              |||| |||||| || |||||||| |||||||| ||||| |||||||||||||| || || 
Sbjct  800   GCCAAGTGACACTCACCTTGATAGTCTTGTGGGCCAAGCATTGTTTGGAGATGGAGCTGC  859  
 
Query  860   CGCTGTCATTGTTGGATCAGACCCCTT---ACCAGTTGAAAAGCCTTTGTTTCAGCTTGT  916 
              || ||||||||||| || |||||  |   || |||||| |||||||||| | ||||||| 
Sbjct  860   TGCAGTCATTGTTGGTTCTGACCCAATTCCACAAGTTGAGAAGCCTTTGTATGAGCTTGT  919 
 
Query  917   CTGGACTGCCCAGACAATCCTTCCAGACAGTGAAGGGGCTATTGATGGACACCTTCGCGA  976 
              |||||||| || |||||   ||||||||||||||| |||||||||||||||||||| || 
Sbjct  920   TTGGACTGCACAAACAATTGCTCCAGACAGTGAAGGTGCTATTGATGGACACCTTCGTGA  979 
 
Query  977   AGTTGGTCTCACTTTCCATCTCCTCAAGGATGTTCCTGGACTCATCTCCAAGAATATTGA  1036 
             |||||| ||||| || || ||||||||||||||||| ||  |  |||| ||||| ||||| 
Sbjct  980   AGTTGGACTCACATTTCACCTCCTCAAGGATGTTCCCGGGATTGTCTCAAAGAACATTGA  1039 
 
Query  1037  GAAGGCCTTGGTTGAAGCCTTCCAACCCTTGGGAATCTCCGATTACAATTCTATCTTCTG  1096 
              |||||  |  |||| || ||| | || |||   ||||| |||||||| || ||||| || 
Sbjct  1040  TAAGGCACTTTTTGAGGCTTTCAACCCATTGAACATCTCTGATTACAACTCCATCTTTTG  1099 
 
Query  1097  GATTGCACACCCTGGTGGACCCGCAATTTTGGACCAAGTGGAGGCTAAGTTAGGCTTGAA  1156 
             |||||||||||||||||| || || ||||| |||||||| |||   ||||| ||  | || 
Sbjct  1100  GATTGCACACCCTGGTGGGCCTGCGATTTTAGACCAAGTTGAGCAAAAGTTGGGTCTCAA  1159 
 
Query  1157  GCCTGAAAAAATGGAAGCTACTAGGCATGTGCTCAGCGAGTATGGTAACATGTCAAGTGC  1216 
              ||||| || ||| | || |||||  ||||||| || || ||||| |||||||||||||| 
Sbjct  1160  ACCTGAGAAGATGAAGGCCACTAGAGATGTGCTTAGTGAATATGGGAACATGTCAAGTGC  1219 
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Query  1217  ATGTGTGCTATTCATCTTGGATCAAATGCGGAAGAAATCAATAGAAAATGGACTTGGCAC  1276 
              ||||| || |||||||||||| | ||| ||| ||||||    |||||||||| |   || 
Sbjct  1220  TTGTGTTCTTTTCATCTTGGATGAGATGAGGAGGAAATCTGCTGAAAATGGACATAAAAC  1279 
 
Query  1277  AACCGGCGAAGGCCTTGACTGGGGTGTGCTATTTGGTTTCGGTCCTGGACTCACTGTTGA  1336 
              || || ||||| ||||| ||||||||| | || ||||| || |||||||| ||  |||| 
Sbjct  1280  CACAGGTGAAGGACTTGAATGGGGTGTGTTGTTCGGTTTTGGACCTGGACTTACCATTGA  1339 
 
Query  1337  GACTGTTGT  1345 
              |||||||| 
Sbjct  1340  AACTGTTGT  1348  
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APPENDIX E 
ONLY FEW REDUNDANT CHS SIRNAS MAPPED TO BOTH SUB-GROUPS 
CHS1/2/3/4/5/6/9 AND CHS7/8 
Very Few CHS siRNAs map with 100% identity to both sub-groups of CHS1/2/3/4/5/6/9 (Group 
1) and CHS7/8 (Group 2) genes. CHS siRNAs from small RNA libraries of the same ten 
developmental stages A-J as described in Figure 1 were analyzed for their size distributions 
between 18 and 25 nt. The normalized total counts in reads per million (RPM) are shown for 
each CHS gene. The CHS siRNAs that matched to a CHS gene within Group 1 (containing 
CHS1/2/3/4/5/6/9) were mapped to Group 2 targets containing CHS7 and CHS8 using Bowtie 
alignments and allowing no mismatches (unshaded line) or up to two mismatches (shaded line).  
Likewise, Group 2 CHS siRNAs that matched CHS7 and CHS8 were aligned to Group 1 targets 
(CHS1/2/3/4/5/6/9) allowing either zero or up to two mismatches. These data show that very few 
CHS siRNA were due to multi-matching siRNAs between the two groups when no mismatches 
are allowed but that significant numbers were multi-matching if up to 2 mismatches were 
allowed. Thus, imposing 100% identity enables the opportunity to distinguish CHS1/3/4 primary 
siRNAs originating from the CHS1-3-4 clusters at the I locus from the target CHS7/8 secondary 
siRNAs.  
 
A. 4 DAF whole seed 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
19  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
20  0.08  0.08  0.08  0.08  0.08  0.08  0.08  0.00  0.08 
21  0.00  0.00  0.00  0.00  0.00  0.08  0.08  0.00  0.00 
22  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 
B. 12-14 DAF whole seed 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.00  0.00  0.00  0.00  0.00  0.46  0.00  0.00  0.00 
19  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
20  0.30  0.00  0.30  0.30  0.30  0.00  0.00  0.30  0.00 
21  2.13  0.00  0.76  0.76  0.76  4.34  4.34  0.76  0.00 
22  0.00  0.00  1.37  1.37  1.37  0.23  0.23  1.37  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
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C. 22-24 DAF whole seed 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
19  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
20  0.00  0.00  0.00  0.00  0.00  0.10  0.10  0.00  0.00 
21  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
22  0.19  0.00  0.19  0.19  0.19  0.00  0.00  0.19  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 
D. 5-6mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.11  0.22  0.11  0.11  0.11  0.56  0.62  0.22  0.11 
19  0.17  0.28  0.17  0.17  0.17  1.06  1.23  0.45  0.06 
20  0.39  0.56  0.39  0.39  0.39  10.19  10.58  0.90  0.11 
21  0.17  0.17  0.17  0.17  0.17  22.40  22.56  0.45  0.11 
22  0.73  0.17  0.73  0.73  0.73  2.13  2.30  0.90  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.34  0.34  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.73  0.73  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.11  0.11  0.00  0.00 
 
E. 10-25mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.08  0.08  0.08  0.08  0.08  0.41  0.41  0.17  0.00 
19  0.25  0.25  0.25  0.25  0.25  0.91  0.91  0.25  0.17 
20  0.25  0.66  0.25  0.25  0.25  8.94  9.27  0.99  0.08 
21  0.99  1.99  0.99  0.99  0.99  67.44  69.42  4.30  1.32 
22  2.81  0.50  2.81  2.81  2.81  6.37  6.87  3.31  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.50  0.50  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  4.55  4.55  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.58  0.58  0.00  0.00 
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APPENDIX E (cont.) 
 
F. 25-50mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.08  0.25  0.08  0.08  0.08  0.25  0.74  0.66  0.00 
19  0.17  0.08  0.17  0.17  0.17  0.83  0.91  0.17  0.08 
20  0.83  1.08  0.83  0.83  0.83  12.41  12.66  1.57  0.50 
21  1.16  2.98  1.16  1.16  1.16  69.65  72.63  4.71  0.58 
22  0.50  0.33  0.50  0.50  0.50  8.44  8.77  0.83  0.00 
23  0.00  0.08  0.00  0.00  0.00  0.50  0.58  0.08  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.91  3.23  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.25  0.25  0.00  0.00 
 
G. 50-75mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.09  0.09  0.09  0.09  0.09  0.61  0.61  0.00  0.09 
19  0.17  0.35  0.17  0.17  0.17  1.74  2.00  0.52  0.09 
20  0.43  0.96  0.43  0.43  0.43  14.78  15.38  1.48  0.09 
21  1.74  3.04  1.74  1.74  1.74  75.53  78.58  6.52  1.74 
22  0.78  0.61  0.78  0.78  0.78  8.26  9.91  1.48  0.09 
23  0.00  0.09  0.00  0.00  0.00  0.96  1.04  0.09  0.00 
24  0.00  0.00  0.00  0.00  0.00  3.56  3.56  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.61  0.61  0.00  0.00 
 
H. 75-100mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.00  0.00  0.00  0.00  0.00  0.29  0.29  0.00  0.00 
19  0.19  0.29  0.19  0.19  0.19  0.67  0.76  0.29  0.19 
20  0.10  0.48  0.10  0.10  0.10  4.28  4.66  0.57  0.00 
21  0.19  0.67  0.19  0.19  0.19  13.51  14.18  1.14  0.29 
22  0.00  0.38  0.00  0.00  0.00  1.52  1.90  0.38  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.29  0.29  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.38  0.38  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.19  0.19  0.00  0.00 
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APPENDIX E (cont.) 
 
I. 200-300mg seed weight seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.07  0.00  0.07  0.07  0.07  0.13  0.13  0.07  0.00 
19  0.07  0.00  0.07  0.07  0.07  0.34  0.40  0.13  0.00 
20  0.00  0.00  0.00  0.00  0.00  0.94  0.94  0.00  0.00 
21  0.00  0.47  0.00  0.00  0.00  5.52  5.99  0.47  0.00 
22  0.07  0.00  0.07  0.07  0.07  0.20  0.20  0.07  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
 
J. 300-400mg seed wt desiccating seed coat 
nt\gene  CHS1  CHS2  CHS3  CHS4  CHS5  CHS6  CHS7  CHS8  CHS9 
18  0.00  0.00  0.00  0.00  0.00  0.12  0.12  0.12  0.00 
19  0.00  0.00  0.00  0.00  0.00  0.06  0.06  0.00  0.00 
20  0.00  0.06  0.00  0.00  0.00  0.23  0.23  0.12  0.00 
21  0.00  0.23  0.00  0.00  0.00  4.37  4.60  0.23  0.00 
22  0.06  0.06  0.06  0.06  0.06  0.17  0.23  0.12  0.00 
23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
24  0.00  0.00  0.00  0.00  0.00  0.06  0.06  0.00  0.00 
25  0.00  0.00  0.00  0.00  0.00  0.06  0.06  0.00  0.00 
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APPENDIX F 
FIVE INDELS ARE FOUND IN THE I LOCUS REGION IN WILLIAMS44 
 
 
(a) to (o): Normalized alignment coverage data [count at base ൈ one million / total number of 
reads]. All data formats are TDF files which are visualized by IGV (Robinson et al., 2011). (a) 
and (b): Whole genome sequencing (0.25 scale)  in Williams and Williams 44; (c) SNP calling 
from Whole genome sequencing data in Williams (upper) and 44 (bottom); (d) and (e): Bisulfite 
sequencing data (100 scale) in Williams and Williams 44; (f) and (g): RNA-seq (2.5 scale) of 25-
50mg seed coat in Williams and Williams 44; (h) and (i): RNA-seq (2.5 scale) of 50-100mg seed 
coat in Williams and Williams 44; (j) and (k): RNA-seq (2.5 scale) of 300-400mg seed coat in 
Williams and Williams 44; (l) and (m): RNA-seq (2.5 scale) of 400-500mg seed coat in Williams 
and Williams 44; (n) and (o): Small RNA-seq (10 scale) of 50-100mg seed coat in Williams and 
Williams 44 
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APPENDIX G 
METHYLATION LEVEL DOES NOT SHOW ANY SIGNIFICANT DIFFERENCE 
BETWEEN WILLIAMS AND WILLIAMS 44 (TYPE C MUTANT) AROUND THE I LOCUS 
REGION ON CHROMOSOME 8 
 
 
 
Each bar represents the level of methylation in scale of 100. 
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APPENDIX H 
GENETIC MARKERS INDICATE THE K1 LOCUS IS LOCATED ON CHROMOSOME 11 
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APPENDIX I 
RESEQUENCING DATA OF 13 VARIETIES SHOWS THAT ONLY THE RECESSIVE K1 ALLELE VARIETY (CLARK18A) 
HAS THE DELETION COMPARED TO THE OTHER 12 LINES WITH K1 GENOTYPES 
 
Red arrow marks the deletion in Exon 7. Two types of data are shown for each isoline: Top: normalized counts of alignments in 0.25 
scale [counts at base ൈ one million / total number of reads ], Bottom: SNPs and small INDELs are indicated by vertical red bars)
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APPENDIX J 
MODIFYING THE REFERENCE GENOME FASTA FILE 
Wm82.a2 was modified by replacing the discordant region (red box) of Wm82.a2 with the 
counterpart region of BAC 77G7-a. Gm08:8,477,411-8,523,979 is replaced by the reverse 
complementary sequence of 49,182-96,554 of BAC 77G7-a. The modified Wm82.a2 is 804 bp 
longer than the original Wm82.a2 since the length of the counterpart region of BAC 77G7-a is 
804 bp longer. The following screenshots show the boundaries of the modified regions. 
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APPENDIX K 
MODIFYING THE GFF3 ANNOTATION FILE OF THE REFERENCE GENOME 
 
The following text was inserted into the annotation file in gff3 format. 
##gff-version 3 
##annot-version Wm82.a2.v1 Modified 08G110400 to 08G110900 
Chr08 Genebank_EF623854 gene 8480004 8481291 0 - .
 ID=Glyma.08G110401.Wm82.a2.v1;Name=Glyma.08G110401.CHS5 
Chr08 Genebank_EF623854 gene 8483793 8485058 1.0e-180 -
 .
 ID=Glyma.08G110411.Wm82.a2.v1;Name=Glyma.08G110411.Epimerase 
Chr08 Genebank_EF623854 gene 8495123 8496446 3.0e-84 +
 .
 ID=Glyma.08G110421.Wm82.a2.v1;Name=Glyma.08G110421.Subtilisin 
Chr08 Genebank_EF623854 gene 8497385 8498586 3.0e-30 -
 .
 ID=Glyma.08G110431.Wm82.a2.v1;Name=Glyma.08G110431.CBLinteracting 
Chr08 Genebank_EF623854 gene 8499121 8500409 0 - .
 ID=Glyma.08G110441.Wm82.a2.v1;Name=Glyma.08G110441.CHS1 
Chr08 Genebank_EF623854 gene 8502676 8503964 0 + .
 ID=Glyma.08G110451.Wm82.a2.v1;Name=Glyma.08G110451.CHS3 
Chr08 Genebank_EF623854 gene 8506649 8507936 0 - .
 ID=Glyma.08G110501.Wm82.a2.v1;Name=Glyma.08G110501.CHS4 
Chr08 Genebank_EF623854 gene 8512374 8513696 0 + .
 ID=Glyma.08G110601.Wm82.a2.v1;Name=Glyma.08G110601.Hypothetical 
Chr08 Genebank_EF623854 gene 8515973 8517261 0 + .
 ID=Glyma.08G110701.Wm82.a2.v1;Name=Glyma.08G110701.CHS4 
Chr08 Genebank_EF623854 gene 8519946 8521234 0 - .
 ID=Glyma.08G110801.Wm82.a2.v1;Name=Glyma.08G110801.CHS3 
Chr08 Genebank_EF623854 gene 8523501 8524789 0 + .
 ID=Glyma.08G110901.Wm82.a2.v1;Name=Glyma.08G110901.CHS1 
 
I used following R script to change the position of gene models which were affected by the 
modification. 
 
#This R-script is Young Cho's project. 
#My project is to modify the reference genome. 
#This code modifies the gff3 file by adding 804 bp beginning at position 8523980.  
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APPENDIX K (cont.) 
 
anno<-read.table("Modified_Gmax_275_Wm82.a2.v1.gene.sorted.gff3",header=F) #I used test 
annotation file from phytozome 10 (phytozome.net) 
print(anno[,4]) 
 
for (i in 1:nrow(anno)){ 
  #print(i) 
  #print(anno[i,4])  
  #print(anno[i,5]) 
   
  if(anno[i,1]=="Chr08" & anno[i,4]>8525830){ #In chromosome 8 downsteam of 8525930, 
start column (4th) will be added by 804 bp.  
    anno[i,4]<-anno[i,4] + 804 
    anno[i,5]<-anno[i,5] + 804 
  } 
  #print(anno[i,4]) 
  #print(anno[i,5])  
} 
write.table(anno, file = "Final_modified_Gmax_275_Wm82.a2.v1.gene.sorted.gff3", quote=F, 
row.names=F, col.names=F, sep="\t") 
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APPENDIX L 
PCR FRAGMENTS OF REPETITIVE CHS REGIONS ARE SHORTENED POSSIBLY DUE 
TO POLYMERASE JUMPING 
 
 
Amplicons across the repetitive CHS region were shorter than expected. Results show that the 
lengths of amplicon 1 and amplicon1-2 were 7 and 5 kb, which were 7 kb shorter than the 
expected lengths. We then designed primers between the CHS genes that will split the amplicons. 
Results of these primers yielded amplicons 1-3, 1-4 and 2-4 that show the expected lengths 
which leads us to speculate that the original amplicons 1 and 1-2 were shortened during the PCR 
reactions.  It appears that the inverted repeat CHS sequences may form a loop structure and be 
jumped over by the polymerase during the PCR reaction and deleted from the PCR product.   
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APPENDIX M 
THE STRAND BIAS OF BOWTIE1 IN REPETITIVE REGIONS 
 
 
These are Williams 44, strand specific RNA-seq data (R191 and R193 in Table 2.4). Anti-sense 
strand transcripts (blue) are not observed in the output of Bowtie1 used the default reporting 
option (a and c). These were caused by strand bias. Other reporting option, such as report all 
valid alignments, can eliminate the bias of strand (b and c). (a: R191 with default option 
reporting only one valid alignment, b: R191 with the option reporting all valid alignments, c: 
R193 with default option reporting only one valid alignment, d: R193 with the option reporting 
all valid alignments).  
The manual of Bowtie1 explains that “In the default mode, bowtie can exhibit strand bias. Strand 
bias occurs when input reference and reads are such that (a) some reads align equally well to 
sites on the forward and reverse strands of the reference, and (b) the number of such sites on one 
strand is different from the number on the other strand. When this happens for a given 
read, bowtie effectively chooses one strand or the other with 50% probability, then reports a 
randomly-selected alignment for that read from among the sites on the selected strand. This tends 
to overassign alignments to the sites on the strand with fewer sites and underassign to sites on the 
strand with more sites. The effect is mitigated, though it may not be eliminated, when reads are 
longer or when paired-end reads are used.....Running Bowtie in --best mode eliminates strand 
bias by forcing Bowtie to select one strand or the other with a probability that is proportional to 
the number of best sites on the strand” (Lagmead et al., 2009).   
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APPENDIX N 
USING THE BISMARK PROGRAM FOR ANALYSIS OF BISULFITE SEQUENCING IN 
REPETITIVE REGIONS 
 
 
 
The analysis of bisulfite sequencing by using Bismark program against the modified reference 
showed very low methylation level in the repetitive region (indicated by red and blue bars). 
Various conditions were investigated to see Bismark can show the methylation level of the CHS 
rich regions. (a: Output of the Bismark in Williams with the option of -n 0, b: Output of the 
Bismark in Williams44 with the option of -n 0, c: Output of the Bismark in Williams with the 
option of -n 0 – read length, d: Output of the Bismark in Williams44 with the option of -n 0 – 
read length, e: Output of the Bismark in Williams with the option of --bowtie2 –N 0 –L 32 
(which is max in bismark), f: Output of the Bismark in Williams with the option of -n 0 – read 
length -- ambiguous, g: Output of the Bismark in Williams44 with the option of -n 0 – read 
length -- ambiguous ) 
The Bismark program is not designed for the investigation for repetitive region. Bismark using 
Bowtie2 discards valid alignments if valid alignments have same alignment scores. The manual 
of Bismark describes “For Bowtie 2, a read is considered to align uniquely if an alignment has a 
unique best alignment score (as reported by the Bowtie 2 AS:i field). If a read produces several 
alignments with the same number of mismatches or with the same alignment score (AS:i field), a 
read (or a read-pair) is discarded altogether” The default report setting using Bowtie1 is the 
command ‘--best’ reporting the best alignments. However, it is not described anywhere how the 
program reports if there are multiple best alignments. Results using Bowtie1 (a~d, f, and g) 
showed that Bowtie1 also discarded the multiple valid alignments on repetitive region. Thus, we 
took the sequence of the I cluster and conducted Bismark program against it. The result is shown 
in Appendix G presenting highly methylated CHS genes.  
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APPENDIX O 
THE R SCRIPT FOR FINDING CANDIDATE GENES FOR THE K1 LOCUS 
#This R script for finding DEGs within the range of I and K1 locus 
#read data and chop data in the range 
#K1 locus in chromosome 11 
 
table_diffout_Pigm <- read.table("diff_out_Pigm/gene_exp.diff", header=T) # read data 
table_diffout_Pigm_significant <- subset(table_diffout_Pigm, significant == "yes") # subset 
rows have significant difference 
table_diffout_Pigm_significant_chr11 <- 
table_diffout_Pigm_significant[grep("Chr11",table_diffout_Pigm_significant$locus),] # filter 
chr11 
 
table_diffout_Yel <- read.table("diff_out_Yel/gene_exp.diff", header=T) 
table_diffout_Yel_significant <- subset(table_diffout_Yel, significant == "yes") 
table_diffout_Yel_significant_chr11 <- 
table_diffout_Yel_significant[grep("Chr11",table_diffout_Yel_significant$locus),] 
 
df <- rbind(table_diffout_Pigm_significant_chr11, table_diffout_Yel_significant_chr11) #merge 
two files 
duplicated.df<-df[duplicated(df$gene),] #find repeat entries 
write.csv(duplicated.df, file = "significant_genes_both_pigm_yel.csv") 
 
